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ABSTRACT
SURFACE-FUNCTIONALIZED SEMICONDUCTING NANOPARTICLES
IN POLYMERS: FROM SELF-ASSEMBLY TO FUNCTIONAL MATERIALS
SEPTEMBER 2007
QINGLING ZHANG, B.S., ZHEJIANG UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professors Todd Emrick and Thomas P. Russell
Seminconducting nanoparticles, also known as quantum dots or quantum rods
depending on the shape, have unique optical and electronic properties. Polymers, on
the other hand, have excellent processing properties. Therefore, it is desirable, in
many cases, to integrate nanoparticles in polymers. The surface chemistry of
nanoparticles is the key for them to be integrated into a polymer matrix in a
controlled way. Nanoparticles are generally covered with alkyl ligands directly from
typical synthetic procedures and surface modification is required to provide them
with desired surface chemistry. First, water-soluble cadmium selenide (CdSe)
nanoparticles and nanorods were made by modifying nanoparticle surfaces with
charged ligands or poly(ethylene oxide) ligands and these water-soluble
nanoparticles were selectively assembled into the holes and channels of
nanotemplates fabricated from diblock copolymers.
Second, nanoparticle surfaces were functionalized with ligands (e.g.,
poly(ethylene oxide)) that were compatible with a polymer matrix (e.g., poly(methyl
methacylate)) such that the nanoparticles were well-dispersed into the polymer
vii
matrix and a self-healing bilayer material was developed using these well-dispersed
nanoparticle-filled polymer matrix.
Third, CdSe nanorods were oriented normal to a substrate in regioregular
poly(3-hexylthiophene) matrix. However, the oriented CdSe nanorods were found to
phase separate from poly(3-hexylthiophene) matrix. Then, chemistry was developed
to synthesize vinyl-terminated poly(3-hexylthiophene) and Heck coupling was used
to attach vinyl-terminated poly(3-hexylthiophene) (hole transporting material) onto
aryl bromide-covered CdSe nanorods (electron transporting material) for
photovoltaic applications. The poly(3-hexylthiophene) fiinctionalized CdSe
nanorods showed the expected charge transfer between these two semiconductors, a
prerequisite for an efficient photovoltaic material.
Stimulated by the design of poly(3-hexylthiophene)-fiinctionalized CdSe
nanorods, donor-acceptor poly(3-hexylthiophene)-6-poly(perylene diimide acrylate)
block copolymer was synthesized. This block copolymer also showed
photoluminescence quenching in solid states.
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CHAPTER 1
INTRODUCTION
1.1 Nanoparticles: An overview
Nanoparticles have emerged as materials of great scientific interest as they
effectively bridge the gap between bulk materials and atomic or molecular
structures.'"'' While bulk materials exhibit constant physical properties that are
independent the size of the sample, at the nanoscopic level properties can change
significantly. The nanoparticles of central interest in this thesis have an inorganic
core, and a surface layer of organic ligands which coordinate to the nanoparticle.
This general concept is depicted in Figure 1.1. Examples of the inorganic component
include metallic, semiconductor, or magnetic nanoparticles of diameter in the range
of 1.5-15 nm. The inorganic core dictates the principle properties of the
nanoparticles, while the organic ligands control interactions with the surrounding
environment, including solubility and miscibility. The stability of the organic
ligands on the particles is also important. Removal of these ligands from the
nanoparticle surface leads to undesirable and often irreversible coarsening or
oxidation of the nanoparticles.
Nanoparticle core, dictating
optical, electronic,
magnetic, or catalytic
properties
Ligand, providing solubility in solvents,
governing interaction with surrounding media
Interface between ligands and nanoparticle
core, affecting stability of nanoparticle
Figure 1.1. Schematic presentation of a ligand-functionalized nanoparticle
For many nanoparticles, size-dependent properties are observed for diameters <
10-20 nm. Surface plasmon effects (a collective excitation of the electrons at the
interface between a conductor and an insulator) are seen in some metal nanoparticles,
in particular gold and silver. ^ The surface-plasmon properties of these metal
nanoparticles enable their use for biological labeling and detection. When the size of
a ferromagnetic material (which becomes magnetized in an external magnetic field,
and remains magnetized upon removal of the field) becomes small, typically less
than 10 nm, the ferromagnetic material becomes superparamagnetic as characterized
by its return to a non-magnetic state upon removal of the external magnetic field.^' ^'
^ Superparamagnetic nanoparticles have applications in biomaterial separations as
carriers, and as contrast agents in magnetic resonance imaging (MRJ). ^'
^Semiconductor nanocrystals have unique optical and electronic properties, due to a
quantum confinement of the exciton to a distance shorter than the bulk exciton Bohr
radius.'' ^ The electronic bandgap in semiconductor nanoparticles is also directly
related to the size of the nanoparticles, enabling size-control over properties such as
conductance and emission wavelength of nanocystals. Due to the unique size
dependent electronic bandgap or emission profile arising from the quantum
confinement effect, spherical nanoparticles are also known as "quantum dots".
Compared to organic dyes, quantum dots exhibit much narrower and tunable
emission profiles, where the peak width at half height is typically 20-30 nm.
Moreover, quantum dots are more resistant to photo-bleaching than organic dyes, a
key element of successful bioconjugation assays, and fluorescence resonance energy
2
transfer (FRET) experiment. Semiconductor nanoparticles have applications in
many technologically important areas such as light emitting diodes (LEDs),
biological imaging and detection,''' '^ and photovoltaics.''^"' Semicondutor
nanoparticles of cadmium selenide (CdSe), '^cadmium sulfide (CdS),'^ cadmium
telluride (CdTe)," zinc sulfide (ZnS), zinc selenide (ZnSe),'" indium phosphide
(InP),^^ lead selenide (PbSe),^'' and lead sulfide (PbS)^^ have been synthesized. Of
particular interest to this research are cadmium selenide (CdSe) nanoparticles that
exhibit photoluminescence in the visible region of light (Figure 1 .2) and that can be
controlled finely in terms of their sizes and shapes, due to the recent synthetic
advances.
Figure 1.2. Size-dependent emission of CdSe nanoparticles from 2-6 nm. This
picture was downloaded from http://web.mit.edu/chemistry/nanocluster/home.html.
1.2 Spherical CdSe nanoparticle synthesis
Early in the 1980s, Brus and coworkers prepared CdSe nanoparticles in inverse
micelles at room temperature.^^' Typical procedures involved vigorous stirring of a
surfactant (such as bis(2-ethylhexyl)sufosuccinate) stabilized-water droplet in oil
(such as heptane) microemulsion. Injection of aqueous Cd(C104)2, followed by
heptane solution of bis(trimethylsilyl) selenide (TMS)2Se in heptane, gave
3
crystalline CdSe nanoparticles. The average diameter of these roughly spherical
nanoparticles was controlled from 1.7 nm to 4.5 nm, by varying the micelle size as
dictated by the water-to-surfactant ratio. Unfortunately, the nanoparticles prepared
by this method aggregated irreversibly after drying. This early nanoparticle
synthesis was improved by a second addition of Cd(C104)2, followed by the addition
of the monofuctional selenium reagent Ph(TMS)Se as a capping reagent. This
modified procedure gave a surface layer of phenyl groups on the particles, which
prevents irreversible aggregation of nanoparticles and thus provides a longer term of
stability. However, nanoparticle prepared by this method in general have broader
size distribution, low degree of crystallinity (high degree of internal defects), and
low quantum yields.
In 1993, Bawendi and coworkers reported a method to produce CdSe quantum
dots with low size distribution and high crystallinity. This method involves a high
temperature pyrolysis of organometallic semiconductor precursors by their rapid
injection of precursors into a hot coordinating solvent.'^ Key to this procedure is the
separation of nucleation and growth stages of nanoparticle crystallization.
Nucleation occurred instantly following a fast injection of these reactive
organometallic precursor, dimethyl cadmium and selenium/tri-«-octylphosphine
(TOP) in a tri-A7-octylphophine oxide (TOPO) at 340-360 °C. Crystal growth
proceeded at lower temperatures (280-300°C) and at a slower rate. Thus,
nanocrystals with narrow size distribution (typically 5-10% variation in diameter)
were obtained. Significantly, the resulting CdSe nanocrystal surface was passivated
4
with TOPO, by coordination of phosphine oxide to cadmium sites on the particle
surface. The presence of TOPO on the nanocrystal surface prevents aggregation,
retards oxidation of nanoparticle cores, and provides solubiUty in organic solvents.
In addition, the coordinating of TOPO on the nanoparticle surface is sufficiently
weak so that ligand exchange can occur. This exchange has enabled many types of
chemistries to be carried out on quantum dots and related nanoparticles.
While the high temperature pyrolysis of the organometallic semiconductor
precursor method produces high quality nanocrystals with relatively high quantum
yields (typically 5-15%), the flammable and toxic nature of the precursors has
somewhat limited their general usage. Peng and coworkers developed "greener"
(less toxic, more stable) cadmium salt precursors, such as CdO, Cd(0Ac)2 and
CdCOs, to prepare high quality of CdSe nanocrystals.'^" The procedure to make
CdSe nanocrytals is: first, cadmium salt precursor (e.g. CdO) and aliphatic
phosphonic acid or carboxylic acid are heated to form a colorless solution, then,
selenium in TOP is rapidly injected into hot (around 300°C) complexed cadmium
precursors in TOPO and allow the crystal to grow. The quantum yield can reach up
to 50% when aliphatic amine and more than 1:1 ratio of Cd:Se was used during the
synthesis.^' The less toxicity and easier handling of non-flammable chemicals used
in this procedure make it most widely used in current CdSe nanocrystal synthesis.
To further increase the quantum yield and stability of CdSe nanocrytals
prepared by pyrolysis of organometallic precursors and "greener" cadmium salt
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precursors, CdSe nanocrystals can be overcoated with a thin inorganic shell
composed of a larger band gap semiconductors, e.g., ZnS and CdS, which reduce
3 33CdSe surface defects and protects the CdSe nanocrystals from oxidation. Due to
the type I bandgap interface between these core/shell semiconducting materials
(HOMO and LOMO levels of CdSe are nested within those of ZnS or CdS), energy
transfer occurs between these two semiconductors, and only photoluminescence of
the CdSe nanocrystals is seen. CdSe/ZnS core/shell nanocrystals are widely used for
12 13
biological imaging and detection. '
1.3 Shape control over CdSe nanocystals
Shape control of the nanocrystals can be achieved by manipulation of the
nanocrystal growth kinetics.'^" This is possible since the growth of CdSe
nanocrystals, which has wurtzite crystal structure (Figure 1
.3), is highly anisotropic
when the system is kinetically overdriven by an extremely high monomer
concentration. Growth along the c-azis of the crystal is generally faster at high
monomer concentration, whereas at low monomer concentration, the overall growth
rate is slow and a nearly spherical, but still faceted, shape forms to minimize the
surface area. If the growth rate is increased significantly, a rod-like faceted shape
where the long axis is the c-axis of the wurtzite crystal structure can be obtained.
6
Figure 1.3. A unit cell of Wurtzite crystal with unique c axis. a=b=0.43nm,
c=0.70nm
Experimentally, CdSe nanorods were first synthesized by the same
organometallic pyrolysis reaction described above for spherical nanoparticles but
under modified conditions.^"* At a monomer concentration higher than was used for
spherical nanocrystals, nanorods were fonned instead of spherical nanoparticles. At
these high concentrations, the rate of reaction is very high and nanocrystals grow in
all directions, although faster along the c-axis. Introducing an additional reagent that
acts as a strong ligand for cadmium, such as alkylphosphonic acid, enables control
of the reaction rate and tuning of the morphology of the product. Soluble and
processable nanorods with a high aspect ratio (30:1) and arrow-, teardrop- and
tetrapod-shaped CdSe nanocrystals have been reported.^^
During CdSe nanorod synthesis, there are three distinctive diffusion-controlled
phases of the process: one-dimensional growth, three-dimensional growth, and
one-to-two-dimensional ripening. " The first phase occurs when the
monomer concentration is at its highest, at the beginning of the reaction, and results
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in nanorods with high aspect ratios and uniform thicknesses. The second phase
occurs when the concentration of the monomer is intermediate and nanorods grow in
all three dimensions. In the last phase, intraparticle ripening at low monomer
concentrations results in mass transport from long to short dimensions of nanorods
that reduces their aspect ratio.
Carefiil evaluation of the possible pathways of the initial reaction involving
dimethylcadmium resulted in the development of more practical methods of
synthesizing CdSe nanorods using CdO instead of toxic and flammable dimethyl
cadmium gas, similar to what has been done to synthesis spherical nanoparticles.^^
By adjusting the precursor concentration, nanoparticles in the shapes of spheres, rice,
rods and tetrapods (Figure 1
.4) can be reproducibly prepared
37
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Figure 1.4. Shape control over CdSe nanoparticles
1.4 Integrating CdSe nanoparticles into polymeric materials
The commonly used procedures to prepare CdSe nanoparticles generally yield
alkane ligands (most commonly TOPO) on the nanoparticle surface. While these
TOPO-covered nanoparticles have very good solubility in many organic solvents,
the surface chemistry has to be properly tuned to incorporate these nanoparticles into
polymers. This is usually done through a ligand exchange procedure, as illustrated in
Figure 1.5, by going through a weak coordinating pyridine ligand. First,
pyridine-covered nanoparticles are prepared by refluxing TOPO-covered
nanoparticles in pyridine. Then, a desired ligand with a stronger coordination
strength with cadmium is used to exchange with pyridine on nanoparticle surface.
The desired ligand can be a low molecular weight polymer or a small organic
molecule with a functional group on the other chain end where further chemistry can
be performed from the nanoparticle surfaces.
Figure 1.5. Typical ligand exchange procedure for CdSe nanoparticles
In many cases, judiciously chosen polymers are required to be present on
nanoparticle surface to improve the miscibility of nanoparticles with matrix
polymers. The grafting of polymers onto CdSe nanoparticles can be done through
either "graft-to" or "graft-from" approaches.
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1.4.1 "Grafting-to" approach to attach polymers onto CdSe nanoparticle
surface
"Graft-to" approach is the attachment of polymers with Hgand-functionalized
chain-ends to nanoparticles by Ugand exchange chemistries. This procedure is
commonly used for its simpUcity. The grafting density of polymer may be relatively
low due to steric hindrance that arises by the placement of each successive polymer
chain onto the nanoparticle. However, in many applications, a very high density of
polymer chain on nanoparticle surface may not be required and the grafting density
achieved by ligand exchange procedure is sufficient to provide the desired property
and/or functionality on the nanoparticle surface. One important example is the
preparation of poly(ethylene glycol) or PEG-covered CdSe/ZnS core-shell
nanoparticles. It is typically done through ligand exchange of thiol or dithiol
terminated PEG with TOPO-covered nanoparticles in methanol. The resulting
PEG-covered CdSe/ZnS nanoparticles are water-soluble, stable under physiological
conditions, and resistant to photo-bleaching, and therefore, are widely used as
fluorescent tags in biological imaging and detection. Recently,
pyridine-functionalized poly(ethylene glycol) was also used for ligand exchange
with TOPO-covered CdSe nanoparticles to afford water soluble, PEG-functionalized
quantum dots.
An advantage of the "grafting-to" approach is the ability to control the polymer
chain length due to many controlled or living polymerization methods. Different
10
molecular weights of PEG have been grafted onto CdSe nanoparticle surfaces. In
this thesis, thiol-terminated polystyrene and PEG are also used for ligand exchange
with pyridine-covered CdSe nanorods to prepare polystyrene-covered CdSe
nanorods and PEG-covered CdSe/ZnS nanoparticles and CdSe nanorods.
.
Polymers with pendant ftinctionality have been used as multi-dentate ligands for
CdSe nanoparticles. Bawendi and coworkers have performed ligand exchange with
ethylene glycol-phosphine oxide copolymers and CdSe to give highly luminescent,
water soluble quantum dots.^'' Winnik and coworkers used
poly(dimethylaminoethyl methacrylate) as a multi-dentate ligand to exchange with
TOPO-covered CdSe/ZnS particles. ^^'^^
1.4.2 "Grafting-from" approach to attach polymers onto CdSe nanoparticle
surface
The "grafting-from" approach involves first attaching initiating species or
end-capping groups onto the nanoparticle surface, then polymerizing appropriate
monomer(s) from nanoparticle surface. Since doing ligand exchange with small
molecules is much easier than doing ligand exchange with polymeric ligands, a
higher areal density of initiating species or end-capping groups can be attached onto
nanoparticle surface, thus it enables a dense polymer brush on the nanoparticle
surface. Unfortunately, this method has difficulty in giving a polymer brush with
controlled molecular weight, especially when the target molecular weight is low, due
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to the limited and uncertain amount of initiating species or end-capping groups on
nanoparticle surface.
Critical to this "grafting-from" process is the compatibility of the nanoparticle
with the polymerization conditions, such that neither the attachment of functional
ligands, nor the polymerization process, appreciably changes the inherent properties
of the nanoparticles. While these requirements require careful synthesis, much
progress has been made in recent years. Polymerization techniques utilized in the
"grafting-from" method include controlled radical polymerization, ring-opening
metathesis polymerization (ROMP) and polycondensation.
Figure 1.6. Ring-opening metathesis polymerization of cyclooctene from CdSe
quantum dots.
Skaff et al. provided the first example of CdSe-polyolefin materials prepared by
the ROMP of norbomene and cyclooctene from the CdSe nanoparticle surface.'*'' To
12
achieve this goal, CdSe was functionahzed with a styrenic derivative of phosphine
oxide that was capable of performing a ligand exchange with
bis-tricyclohexylphosphine benzylidine ruthenium dichloride (Grubbs I catalyst) to
afford a ruthenium catalyst on the surface of CdSe nanoparticle as illustrated in
Figure 1.6. The norbomene and cycooctene were successfiilly polymerized from the
surface of the catalyst functionahzed CdSe nanoparticles, allowing for a dispersion
of nanoparticles within the polyolefin matrix. It is important to note that the
photoluminescence of the particle was maintained after the polymerization process.
Sill and Emrick performed nitroxide-mediated polymerization from CdSe
nanoparticle surface. This was done by first preparing CdSe nanoparticles covered
with phosphine oxide ligands which have an alkoxyamine initiating species through
ligand exchange chemistry. Then, controlled radical polymerization of styrene was
demonstrated from CdSe nanoparticle surfaces as shown in Figure 1.7. Similarly,
reversible addition-fragmentation chain transfer (RAFT) polymerization has been
used by Skaff and Emrick to grow polystyrene, poly(methyl methacrylate) and
poly(butyl acrylate) from CdSe nanoparticle surfaces."*^
TOPO-Covered
CdSe
Nanoparticles
4
\ ? o
Figure 1.7. Growing polystyrene from CdSe nanoparticle surface through
nitroxide-mediated polymerization
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Although nitroxide-mediated polymerization and RAFT polymerization worked
well for CdSe nanoparticles, the other controlled radical polymerization, i.e., atom
transfer radical polymerization (ATRP) is not very compatible with CdSe
nanoparticles. The copper catalyst used for the polymerization tends to degrade
48CdSe nanoparticles and quench the photoluminescence of the nanoparticles.
Ruthenium-based catalyst can be used to perform ATRP of methyl methacrylate
instead of copper (I) bromide, with less control of the polymerization. However,
removing ruthenium from polymer-covered nanoparticle is problematic.
Emrick and coworkers also employed polyconsendation to grow polymers or
oligomers on CdSe nanoparticle surface."^' First, /(-bromobenzyl-di-^-octylphosphine
oxide (DOPO-Br) covered CdSe nanoparticles were prepared by replacing TOPO
with DOPO-Br during CdSe nanoparticle synthesis. This was possible because
DOPO-Br is thermally stable up to -290 °C. DOPO-Br covered nanoparticles were
polymerized together with A2 and B2 monomers (i.e.
l,4-di-/7-octyl-2,5-divinylbenzene and l,4-dibromo-2,5-di-«-octylbenzene) under
Pd(0) catalysis to give poly(para-phenylene vinylene) (PPV)-covered CdSe
nanoparticles. Here DOPO-Br was used as an end-capper for the A2+B2
polycondensation to attach PPV onto nanoparticle surface. The striking feature of
PPV-covered CdSe nanoparticles is the observation of energy transfer from PPV to
CdSe nanoparticles, which gives rise to emission mainly from CdSe nanoparticles,
not from PPV.
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1.5 Dispersion of nanoparticles in polymers and auto-responsive
nanoparticle-fllled polymer films
The behavior of nanoparticles in a polymer matrix is particularly valuable for
obtaining insight into the fundamental factors that control particle dispersion.
Central to nanoparticle-polymer composites is a consideration of enthalpic and
entropic interactions when functionalized nanoparticles are introduced into polymers.
Although enthalpic interactions are usually dominant " "
,
entropic interactions can
play a critical role in dictating structure. To disperse nanoparticles in polymers, it
usually requires favorable enthalpic interaction (Flory-Hugguis interaction
parameter x should be equal or less than zero) between the nanoparticles and the
polymer matrix. The nanoparticle surface functionalization described above can
enable the dispersion of nanoparticles in a target polymer matrix. The dispersion of
nanoparticles in a polymer matrix is usually desired for the full usage of the
functional properties associated with nanoparticles. Once a dispersion of the
nanoparticles in polymer is achieved, it would be very useful if one can control
where the nanoparticles will go depending upon the external stimuli.
Computational studies on nanoparticle-filled homopolymers, where
lignad-matrix interactions are slightly favorable, near a surface containing a notch or
crack showed that the presence of nanoparticles in polymer melt creates an entropic
penalty for polymer chains near nanoparticles because polymer chains have to
extend and stretch around the nanoparticles. Once the polymer chains gain mobility,
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the polymer chains will try to go back to their original configuration, which can
drive a fraction of the nanoparticles into the defect These findings open a
convenient route for designing auto-responsive or even self-healing systems. The
experimental examination of these simulation results will be conducted in this thesis.
Similar entropic interactions were operative in polystyrene (PS)-functionalized
CdSe nanoparticles dispersed in PS matrix examined by Crosby and co-workers.
First, a film with unifonn dispersion of PS-covered CdSe nanoparticles in PS matrix
was prepared. Then, this film was subjected to uniaxial stain to induce crazing in the
PS film. It was found that nanoparticles respond to strain and segregate to the tip of
the crack and modify the crazing characteristics of a glassy polymer by the following
process: (1) nanoparticles align in the precraze region; (2) premature crazes advance
through "secondary" crazes and nanoparticles are repelled from craze fibrils; (3)
secondary crazes merge to form mature craze; and (4) nanoparticles are entrapped
by the craze fibril array in a mature craze. Nearly a doubling of the strain-to-failure
was found. Alignment, formation of secondary crazes and repulsion of nanoparticles
leads to the formation of new craze microstructures with nanoparticle clusters
entrapped within mature craze. This microstructure is the key mechanism for
enhancing the deformation and failure properties in these materials and is clearly
linked to the unique size-scale dependent, entropically driven mobility of
nanoparticles in the polymer matrix.
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Figure 1.8. Transmission electron microscopy (TEM) image of 5 nm CdSe/ZnS
nanoparticles with polystyrene ligands in polystyrene matrix where a craze has been
introduced to the film. A uniform dispersion of the nanoparticles in the PS matrix is
seen outside the crazed region, but in the precrazed zone, the nanoparticles are seen
to line up in front of the craze as indicated by the arrows.
1.6 Self-assembly of nanoparticles in block copolymers
Diblock copolymer/nanoparticle mixtures have attracted much attention because
the microphase separation of the copolymer can, in principle, direct the spatial
distribution of nanoparticles and thereby tailor the properties of the composite. The
well-defined incoiporation of nanoparticles in block copolymers can give additional
functionalities depending on the nature of nanoparticles used. For example, optical
property of layered lamellar block copolymer thin films is shown to be sensitive to
the specific location of gold nanoparticles within the layers of the block
copolymers. The spatial distribution of nanoparticles in the microphase-separated
morphologies can be controlled by tailoring the nanoparticle ligands (i.e., enthalpic
effects) and the size of the nanoparticles relative to the size (radius of gyration) of
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the polymer (i.e., entropic effects). Because the nanoparticles are soHds, the polymer
chains must stretch around these obstacles, causing a loss in conformational entropy
that increases with particle radius.^** In the absence of specific interactions, larger
nanoparticles are expelled from the bulk of the copolymers, whereas smaller
particles are not. This significantly affects the spatial distribution of nanoparticles
within homopolymers and block copolymers and the global structure of the
particle-filled systems. Using a combination of self-consistent field (well suited for
block copolymers) and density-functional theory (well-suited for particles), Balasz
and coworkers predicted for particles which are compatible with one component of a
block copolymer, that larger particles localize at the center of the compatible
microdomain, while smaller particles uniformly dispersed within the compatible
microdomain. For neutral particles which interact equally with both components
of a diblock copolymer, they found that neutral nanoparticles actually sit at the
interface between two block copolymer microdomams. Experiments by Thomas and
coworkers verified the size effect on the location of nanoparticles in block
copolymers by using a ternary block copolymer/nanoparticle blend.^*^ Specifically,
3.5 nm alkane-covered gold nanoparticles and 21.0 nm alkane-covered silica
particles were blended with polystyrene-Z)-poly(ethylene-co-propylene) (PS-Zj-PEP),
the smaller gold particles appeared at the diblock copolymer interface while the
bigger silica particles were sequestered to the center of the PEP domains. Kramer
and co-workers ^' used mixed layer thiol-tenninated polystyrene and
poly(2-vinylpyridine) on gold nanoparticles to create "neutral" particles that
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localized at the interface between the PS and poly(2-vinylpyridine) (P2VP)
microdomains to reduce interfacial energies.
The nanoparticles, on the other hand, can have an impact on the block
copolymer, and nanoparticles have also been found to alter the orientation of the
diblock copolymer microdomains.^' In the absence of nanoparticles, the
microdomains of a symmetric diblock copolymer normally orient parallel to the
substrate due to preferential interactions of one block with either the substrate or
with the air surface. Russell, Emrick, Balazs and cowokers found that the addition of
nanoparticles can cause block copolymer microdomains to orient normal to the
substrate.^'' Here, nanoparticles were expelled to the substrate and air surfaces to
mediate interfacial interactions and created a neutral condition for microdomains.
In this thesis, a different approach was used to control the lateral placement of
nanoparticles/nanorods using block copolymer template. First, block copolymer
templates with ordered lateral nanostructures were generated. Then nanoparticles
and nanorods are deposited into the holes or trenches of block copolymer templates
through different techniques.
1.7 Semiconducting CdSe nanoparticles in photovoltaics
The ability to create high-efficiency solar cells is a key strategy for meeting
growing world energy needs. Nanotechnology is currently enabling the production
of high-efficiency organic photovoltaics (OPVs) to help meet this challenge.
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Organic photovoltaics are nanostructured thin-films composed of semiconducting
organic materials that absorb photons from the solar spectrum.^'' These devices are
expected to revolutionize solar energy harvesting because they can be manufactured
via solution-based methods, such as ink-jet or screen printing, enabling rapid
mass-production and driving down cost. OPVs currently lag behind their inorganic
counterparts because of low solar energy conversion efficiencies of approximately
5%. Several research groups are addressing conversion efficiency by employing a
combination of nanomaterials and unique nanoscale architectures. These hybrid
organic-inorganic photovoltaics consist of light absorbing polymers in contact with
semiconductor nanocrystals, flillerenes or nanostructured metals. The nanomaterials
affect electro-optical properties of the conducting polymer, which include fast
charge separation of excitons at organic-inorganic material interfaces and assisting
in absorption of red and near-IR photons, a significant portion of the solar spectrum.
Examples of OPVs designs are polymer-fuUerene heterojunctions,
organic-nanocrytsal solar cells, dye-sensitized cells. In organic-nanocrystal cells,
blends of semiconducting polymers and semiconducting quantum dots or nanorods
made of CdSe or CdTe are mixed in a manner similar to the polymer-fullerene
blends. Nanoparticles with spherical shape were first used.'"* And it was later found
that nanorods were better than spherical nanoparticles since electrons have to hop
from one spherical domain to another in order to reach the cathode while nanorods
may provide continuous channels to transport electrons if the nanorods were
oriented normal to the electrodes.'^ Experimentally, pyridine-covered CdSe nanords
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have been used together with P3HT to fabricate photovohaic devices with
significant improvement compared with the nanoparticles/P3HT combination.
Unfortunately, nearly all the nanorods lie parallel to the electrodes. In addition, the
pyridine-covered nanorods have significant aggregation within P3HT film, reducing
the interfaces between inorganic and organic materials. Therefore, two problems
need to be addressed before the full potential of inorganic nanorods/organic
conjugated polymer photovoltaic cell can be realized: (1) improve the interface
between CdSe nanorods and conjugated polymers and (2) orient nanorods
perpendicular to the electrodes. Both of the issues will be addressed during the
course of this thesis. The first problem was recently addressed by Frechet and
Alivisatos by blending pyridine-covered CdSe nanorods with amine-terminated
regioregular poly(3-hexylthiophene), which gave uniform dispersion of nanorods in
poly(3-hexylthiophene).'^ In this thesis, the second problem is tackled and an
electric field is found to be effective in orienting TOPO-covered CdSe nanorods
normal to a substrate in poly(3-hexylthiophene) matrix. However, the presence of
insulating layer of TOPO on CdSe nanoords is not desired in photovoltaic
application. Subsequently, chemistry is developed to directly attach
poly(3-hexylthiophene) onto CdSe nanorod surfaces and
poly(3-hexylthiophene)-covered CdSe nanorods are isolated and characterized.
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Figure 1.9. Schematic illustration of (a) spherical nanoparticles in conjugated
polymers and (b) nanorods in conjugated polymers with orientation perpendicular to
the electrodes.
1.8 Thesis outline
Following the introduction of this chapter, Chapter 2 presents the chemistry to
prepare alkane-covered CdSe nanoparticles and nanorods. Ligand exchange
chemistry is detailed to prepare special ligand functionalized nanoparticles and
nanorods. When, special small molecular or polymeric ligands are in need, the
chemistry to synthesize these new ligands is documented.
Chapter 3 presents the application of surface-functionalized CdSe nanoparticles
and nanorods ranging from assembly of nanoparticles and nanorods in block
copolymer templates, auto-responsive bilayer films based on nanoparticle-fiUed
polymers, to conjugated polymer and semiconductor CdSe nanorod hybrid materials
for photovoltaics.
Stimulated by the targeted morphology of conjugated polymer functionalized
CdSe nanorods, Chapter 4 is the development of novel
poly(3-heyxlthiophene)-Z)/ocA:-poly(perylene bisimide aerylate) donor-acceptor
22
block copolymer to mimic the stand-up cylindrical morphology of
poly(3-hexylthiophene) fiinctionalized CdSe nanorods. The synthesis and
characterization of the donor-acceptor materials will be documented.
All the detailed synthetic procedures used in this thesis are presented in chapter
5 as a separate part.
I
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CHAPTER 2
SYNTHESIS OF LIGAND-FUNCTIONALIZED CDSE
NAJNOPARTICLES AND NANORODS
Ligand chemistry is critically important for enabling the dispersion and
assembly of nanoparticles and/or nanorods in homopolymers and block
copolymers.^^ The most widely used procedures for synthesizing CdSe nanopartices
and nanorods afford alkane (i.e., tri-«-octylphosphine oxide) surface coverage.
However, these alkane-covered nanoparticles and nanorods are by no means optimal
for clean integration into most polymer materials. The ability to modify nanoparticle
surface coverage, by ligand exchange procedures, the coordination ofnew ligands to
Cd and/or Se surface atoms, is exploited extensively in this thesis research.'^ A
typical ligand exchange process involves: 1) refluxing alkane-covered nanoparticles
or nanorods in anhydrous pyridine to obtain pyridine-covered
nanoparticles/nanorods, and 2) heating the pyridine-covered nanoparticles or
nanorods in the presence of the desired replacement ligand. Pyridine is a relatively
weak ligand for CdSe nanoparticles, but when used in large excess as the solvent,
most of the original ligands are removed. The new ligands can be small molecules
with one surface binding functional group, or can be hetero-bifunctional with one
group (i.e., phosphine oxide or thiol) for coordination to the nanopartice surface, and
the other for subsequent reactions (i.e., "graft-from" chemistry, cross-linkings, etc).
Ahematively, the new lignads can be end-functionalized polymers of various
molecular weight and compositions. For example, as described later,
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thiol-terminated polymers (with molecular weight of several thousand Daltons) can
be grafted effectively onto CdSe nanoparticles/nanorods by this way.
In this chapter, detailed procedures to prepare CdSe nanoparticles/nanorods are
described. Reaction procedures to prepare functional ligands and
ligand-fiinctionalized CdSe nanoparticles/nanorods are also documented. These
ligand-functionalized nanoparticles and nanorods are going to be used in Chapter 3
for the preparation of polymer-nanoparticle, and polymer-nanorod nanocomposite
materials.
Z.l.CdSe nanoparticle synthesis
At the outset of this thesis research, the basic synthesis of CdSe nanoparticles
was well-established by the groups of Bawendi, Alivisatos, and Peng.^^' In a
typical preparation, selenium powder (80 mg, 1 .0 mmol) in tri-«-octylphoshpine (2
mL) was prepared in a glove box, and stirred until the solid had dissolved
completely, and a colorless solution was observed. A dry 1 00 mL three-necked round
bottom flask was loaded CdO (51.0 mg, 0.4 mmol), «-hexylphosphonic acid (0.132
g, 0.8 mmol) and tri-«-octylphosphine oxide (3.82 g). A thermal couple was
immersed into the reaction solution to measure the internal temperature. In an argon
atmosphere, this mixture was heated to 280 °C, at which point a colorless solution is
seen, indicating the formation of a cadmium oxide/hexylphosphonic acid complex.
The temperature was raised to 300 °C and the prepared stock solution of selenium in
tri-n-octylphosphine (2 mL) was injected quickly into the hot cadmium solution. The
temperature was reduced to about 270 °C, and kept at this temperature until the
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desired nanoparticle size was achieved. Once the desired nanoparticle size was
obtained, the mixture was allowed to cool down to 60 °C and anhydrous methanol
(10 mL) was added. This results in precipitation of the nanoparticles and the
nanoparticles were isolated by centrifugation and decantation. The nanoparticles
were further purified by repeated dissolution in anhydrous THF, and precipitation in
anhydrous methanol. The purified nanoparticles were stored in THF under nitrogen
for future uses. Other solvents such as chloroform, dichloromethane, toluene, and
hexanes can also be used to dissolve CdSe nanoparticles. The nanoparticles can also
be stored as a powder under nitrogen when the solvent is removed. However,
nanoparticles stored under dry state may experience with irreversible aggregation
over time.
The diameter of CdSe nanoparticles is correlated to their emission wavelength
maximum by the following graph shown in Figure 2.1.^' Such correlations are useful
as once completed, they allow for facile evaluation of nanopartice size based on
rapid fluorescence or UV-Vis spectroscopic measurement.
5.00
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Figure 2.1. The correlation between peak emission and nanoparticle size with fitting
equation. The figure is found in reference 5.
The diameter of CdSe nanoparticles is controlled by the time and temperature of
the growth stage. The solution quantum yield can be enhanced by the presence of
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aliphatic amines (e.g., hexyldecylamine) in the growing solution.^' The
nanoparticles thus prepared are covered by alkane ligands (typically
tri-«-octylphosphine oxide, hexylphosphonic acid and hexyldecylamine). As such,
they are dispersible in many organic solvents such as hexanes, chloroform,
dichloromethane, tetrahydrofuran, toluene and others. Methanol, ethanol and
isopropanol are poor solvents that are used to precipitate the nanoparticels.
2.2 CdSe/ZnS nanoparticle synthesis
The quantum yield and stability against oxidation of CdSe nanoparticles is
improved markedly by the presence of an overcoate of a higher bandgap
semiconductor such as ZnS. In a typical procedure as schematically shown in Figure
2.2,^' CdO (12 mg, 0.094 mmol) is stirred in lauric acid (200 mg, 1.00 mmol) at 240
°C under argon atmosphere as a colorless solution. Then, trioctylphosphine oxide
(1.5 g) and 1 -hexadecylamine (1.5 g) are added to the flask, and the temperature is
raised to 320 °C. Next, a solution of 80 mg selenium in 2 mL trioctylphosphine is
injected quickly into the flask. The mixture is kept at this temperature for ~3 min.
CdSe nanoparticles are then collected by precipitation with anhydrous methanol. For
the overcoating procedure, CdSe nanoparticles (20 mg) and trioctylphosphine oxide
(3 g) were loaded into a 50 mL flask, and a solution of hexamethyldisilathiane (70
|LiL) and 1.0 M diethylzinc (400 fiL) in trioctylphosphine (2 mL) was injected into
the flask at 200 °C. The solution was incubated at 120 °C for 3 h before it was
cooled down to 60 °C. The workup process was identical to CdSe nanoparticle
purification.
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Figure 2.2. Schematic illustration of CdSe/ZnS core-shell nanoparticle synthesis.
2.3 CdSe nanorod synthesis
In a typical synthesis,'^' CdO (0.205 g, 1.60 mmol), tetra-w-decylphosphonic
acid (TDPA) (0.893 g, 3.20 mmol) and TOPO (2.90 g) were loaded into a round
bottle flask and heated to 300 °C under argon flow. The CdO dissolved in the hot
TDPA/TOPO solution. After an optically clear solution was obtained, the mixture
was cooled room temperature, then stored at room temperature for several days. This
period of several days is an "aging" process observed by Peng and coworkers to be
an effective route to CdSe nanorod synthesis. The mixture was then heated to 320 °C.
Separately, in a glove box, selenium/tri-w-butylphosphine solution (0.253 g with
25% Se in mass, 0.800 mmol of Se) was mixed with tri-«-octylphosphine (1.45 g)
and toluene (0.300 g) to obtain the injection solution. This solution was then loaded
into a 5 mL syringe, and injected into the reaction flask at 320 °C. The injection
resulted in a drop in temperature of the reaction mixture, and the temperature was
held at 250 ''C for nanorod growth. Aliquots removed from the mixture over time
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intervals and were dissolved in hexanes to monitor the reaction by UV-Visible
spectrophotometry. The reaction was stopped at certain reaction time by removing
the heating mantle. Toluene (5 mL) and methanol (10 mL) were added into the
reaction flask to precipitate the nanocrystals at around 60 °C. The nanorods were
worked up as usual and stored in chloroform solution.
(a) (b)
Figure 2.3. TEM images of (a) shorter ("rice-like") CdSe nanorods and (b) longer
CdSe nanorods as a result of different aging time.
The length of nanorods is controlled by the cadmium: selenium ratio in the
reaction mixture. A higher Cd/Se ratio results in longer nanorods. Longer aging time
following cadmium-phosphonic acid complexation also increases nanorod length.
Typical CdSe nanorods obtained from the synthesis described are shown in Figure
2.3.
2.4 CdTe tetrapod synthesis
The geometries of semiconductor nanorods are not limited to spherical and
rod-like. Star-like structures, termed tetrapods, can also be prepared.^^ Literature
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methods ' describing the preparation of CdSe tetrapods were not successful in our
hands. However, methods to prepare CdTe tetropods proved more reliable for us,
giving samples consisted mainly of CdTe tetrapods with a small amount of CdTe
nanorods and tripods.
These samples were prepared by starting with a solution of tellurium powder in
tri-«-octylphosphine (10% Te in weight) under argon, and heating the mixture to 250
°C for several hours until the tellurium was dissolved completely. When cooled to
room temperature, the resulting yellow solution was centrifuged at 4000 rpm for
several hours to separate undissolved products. The resulting clear yellow solution
was stored in a dry box for future use. Then, CdO (5 1 mg, 0.4 mmol) were mixed in
a 50 mL three-neck flask with tri-n-octylphsophine oxide (3.75 g) and
octadecylphosphonic acid (0.385 g, 1.15 mmol) and 0.358 g of the
methylphosphonic acid solution (2.9 wt% in distilled water). The resulting solution
was heated at 100 °C under vacuum for 30 min. To decompose the CdO, the solution
was heated to 350 °C under argon until it turned completely transparent and clear.
The temperature was stabilized at 320 ''C and 0.146 g of the stock solution of 10
wt% tellurium in tri-«-octylphosphine, diluted with additional 0.304 g
tri-«-octylphosphine, was injected quickly in the flask. The crystals were allowed to
grow for 10 min at 320 °C, after which the reaction was stopped by removing the
heating mantle. When the solution was cooled to 50 °C, ~5 mL of chloroform was
added. The nanocrystals were purified by repeated precipitation in methanol, and
dissolution in chloroform.
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The concentration of methylphosphonic acid is critically important for the
formation of tetrapod nanostructures during crystal growth. Lowering the
concentration of methylphosphonic acid results in the formation of less branched
nanostructures, such as nanorods or even spherical nanoparticles. Increasing the
concentration of methylphosphonic acid can give more branched structures with less
control over the number of branches. Figure 2.4 shows TEM images of CdTe
terapods made according to the above procedure.
(a) (b)
Figure 2.4. TEM images of CdTe tetrapods:(a) lower magnification and (b)higher
magnification
After the alkane-covered nanoparticles with different shapes were prepared
from the procedures described above, ligand exchange chemistries were performed
to render these nanoparticles with peripheries that are suitable for integration into
polymers. Figure 2.5 shows a library of ligand-functionalized CdSe nanoparticles
and nanorods prepared in this thesis. The following sections are the detailed
description of the preparation of these ligand fiinctionalized nanoparticles and
nanorods.
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2.5 11-Mercaptoundecanoic acid covered CdSe nanoparticles and nanorods
Carboxylate-covered CdSe nanoparticles were obtained by ligand exchange of
TOPO-covered CdSe nanoparticles with 11-mercaptoundecanoic acid (MUA).^^'
In a typical ligand exchange procedure, about 20 mg of TOPO-covered CdSe
nanoparticles was added to a methanol (2 mL) solution of 40 mg MUA. To this
mixture was added tetramethylammonium hydroxide. An optically clear red solution
formed immediately, indicating a rapid replacement of the hydrophobic TOPO
ligands with MUA. This mixture was stirred at 60 °C under nitrogen atmosphere for
10 h, and the nanoparticles were precipitated in diethyl ether. Excess MUA was
removed by repeated dissolution in methanol and precipitation into ether.
MUA-covered nanoparticles are soluble in methanol and basic water. In basic and
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neutral water, MUA-covered nanoparticles are highly charged and will be used in an
electrophoretic deposition setup to assemble CdSe nanoparticles in block copolymer
templates as decribed in Chapter 3. MUA-covered CdSe nanorods were also
prepared similarly starting from TOPO-covered CdSe nanorods.
2.6 Polyethylene oxide covered-CdSe/ZnS core-shell nanoparticles
Several samples of CdSe/ZnS core-shell nanoparticles (3.0 nm, 3.8 nm and 5.2
nm in diameter) were synthesized as described above. The synthetic protocol gave
CdSe/ZnS nanoparticles covered with TOPO and hexadecylamine (HDA) ligands.
To change the surface properties of the nanoparticles, thiol-terminated PEO
(molecular weight of 2,100 g/mol, Polymer Sources) was used to displace the TOPO
and HDA. This was done first by removal of the aliphatic ligand coverage by
refluxing in 3 mL pyridine for 24 h. Then, most of pyridine was removed by rotary
evaporation. The recovered pyridine-covered nanoparticles were precipitated with
hexanes, and further washed three times in hexanes. The nanoparticles were then
stirred for 12 h at 60 °C under nitrogen in a methanol solution of the thiol-terminated
PEO. The PEO-covered nanoparticles were isolated by precipitation in anhydrous
diethyl ether.
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Air interface (b)
Figure 2.6. (a) top-down view and (b) cross-sectional TEM of PEO-covered
CdSe/ZnS nanoparticles in PMMA matrix.
PEO-covered CdSe/ZnS nanoparticles are highly fluorescent in both solution
state and solid state, which makes it possible to locate where nanoparitlces are in a
film using a fluorescence microscope. The solubility of PEO-covered the
nanoparticles was found to be characteristic of PEO, forming homogeneous
solutions in water as well as organic solvents, such as chloroform, toluene and THE.
PEO-covered nanoparticles are also miscible with poly(methyl methacrylate)
(PMMA), as PEO and PMMA have slight negative Flory-Huggins interaction
parameter.^" Therefore, PEO-covered CdSe/ZnS nanoparticles can be prepared and
cleanly dispersed in PMMA as shown in Figure 2.6. This dispersion is an enabling
feature for studying fundamental dynamics of nanoparticles in polymers; in this
thesis, PEO-covered CdSe/ZnS quantum dots in PMMA were used for studying
auto-responsive behavior of nanocomposite as described in Chapter 3.^'
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2.7 PEO-covered CdSe nanorods
Alkane-covered CdSe naorods (50 mg) were refluxed in anhydrous pyridine (2
mL) for 24 h, then precipitated into hexane. The pyridine-covered nanorods were
heated to 60 °C for 10 h in a 5 mL methanolic solution of thiol-terminated PEO (200
mg, molecular weight 2100 g/mol, Polymer Sources) to give a dark red
homogeneous solution. The PEO-covered CdSe nanorods were purified by
precipitation into ether; these nanorods displayed solubility properties characteristic
of PEO, dispersing effectively in water, chloroform, toluene, and methanol. The 'H
NMR spectrum of the nanorods in CDCI3 clearly showed PEO (methylene
resonance at 3.7 ppm), and the UV-vis spectrum in chloroform showed a band edge
absorption centered at 650 nm. Absorption at -650 nm is identical to the
alkane-covered nanorods in chloroform, indicating that the ligand exchange altered
only the solubility properties of the nanorods, rather than their spectral absorption.
'
Due to the miscibility of PEO and PMMA, PEO-covered CdSe nanorods were
dispersed nicely in the PMMA matrix as shown in Figure 2.7.^^ The water solubility
and low surface energy of PEO as a ligand coverage for nanorods, proved critically
important for assembly of the nanorods in diblock copolymer templates.
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Figure 2.7. TEM image of dispersed PEO-covered CdSe nanorods in a film of
PMMA matrix. Sale bar: 100 nm
2.8 Arylbromide-covered CdSe nanorods
CdSe nanorods were prepared with phenylbromide terminated ligands,
providing materials for convenient grafting of functional polymers by palladium
catalyzed Heck coupling chemistry. In prior research, Skaff, Sill and Emrick used
this chemistry for initiating a grov^h of poly(phenylene vinylene) from CdSe
nanoparticle surfaces. In this thesis work, phenylbromide fiinctionalized CdSe
nanorods were used as starting materials to give polythiophene-covered nanords.
The resulting poly(3-hexylthiophene) functionalized CdSe nanorods are good
candidate as donor-acceptor type materials for photovoltaics.
Two types of ligands, one with phosphine oxide and the other with thiol, were
targeted to provide arylbromide fiinctionality. Both phosphine oxide and thiol can
coordinate with cadmium on nanorod surface. Thiol is known to bind stronger to
cadmium than phosphine oxide, but may function as hope traps in optoelectronic
devices.^^
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2.8.1 Arylbromide-covered nanorods through phosphine oxide coordination
2.8.1.1 Synthesis of arylbromide functionalized phosphine oxide ligand:
/?-bromobenzyl-di-«-octylphosphine oxide (DOPO-Br)
DOPO-Br was synthesized as shown in Scheme 2.1 through a two phase
reaction between di-«-octylphosphine oxide and 4-bromobenzyl chloride with the
assistance of a phase transfer catalyst tetra-«-butyl ammonium hydrogen sulfate.
This procedure was originally reported by Skaff el al!^^
Scheme 2.1
2.8.1.2 Preparation of DOPO-Br covered nanorods
DOPO-Br covered CdSe nanorods were prepared through ligand exchange by
going through pyridine-covered nanorods. The preparation of pyridine-covered
nanorods requires higher reaction temperature in pyridine (typically refluxing
pyridine) than that of pyridine-covered spherical nanoparticles, probably due to the
different ligand coverage on the nanorods and nanoparticles. Once pyridine-covered
nanorods were prepared, the rest of ligand exchange procedure was identical to that
of spherical nanoparticles.
2.8.2 Arylbromide-covered nanorods through thiol coordination
2.8.2.1 2-(4-Bromo-2,5-dioctyl-phenyl)-ethanethiol synthesis
Arylbromide functionalized thiol ligand
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2-(4-Bromo-2,5-dioctyl-phenyl)-ethanethiol 6 was synthesized as shown in Scheme
2.2. 2,5-Di-«-octyl-4-bromostyrene was converted to thioacetate 2 by free radical
addition of thioacetic acid to the double bond. Thioacetate 2 was hydrolyzed to give
thiol 3, and arylbromide-fiinctionalized ligand 3 was attached to the CdSe nanorod
surface by ligand exchange chemistry, going through pyridine-covered CdSe
nanorods as an intermediate step.
Scheme 2.2
2.8.2.2 Preparation of 6-functionalized nanorods
6-covered CdSe nanorods was prepared similar to 3-covered nanorods through
ligand excahgne procedure. Both 3-covered and 6-covered nanords are soluble in
hexanes.
2.9 Poly(3-hexylthiophene)-covered nanorods
The Heck coupling strategies employed in this thesis for grafting
poly(3-hexylthiophene) onto arylbromide fiinctionalized nanorods requires a prior
synthesis of vinyl-terminated poly(3-hexylthiophene). Vinyl-terminated
poly(3-hexylthiophene) with the other chain end being bromide is known in
literature. However, the vinyl and bromide on the poly(3-hexylthiophene) chain ends
will self-couple under Heck coupling conditions. In this thesis, vinyl-terminated
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poly(3-hexylthiophene) with the other chain end being proton was prepared and
used to couple with arylbromide-covered nanorods under Heck reaction conditions.
2.9.1 Vinyl terminated regioregular poly(3-hexyIthiophene) (P3HT) synthesis
Vinyl-terminated P3HT 9 was prepared as shown in Scheme 2.3. First,
bromide-terminated highly regiregular P3HT 8 (>98%) was prepared by the
Grignard metathesis (GRIM) polymerization method reported by McCullough and
coworkers by first treating 2,5-dibromo-3-hexylthiophene (prepared by bromination
of 3-hexylthiophene with NBS) with ?-butyl magnesium chloride and then with
l,3-bis(diphenylphosphino) propane nickel(II) chloride.^''
Scheme 2.3
This GRIM polymerization of 2,5-dibromo-3-hexylthiophene under
l,3-bis(diphenylphosphino) propane nickel(II) chloride is considered as a
quasi-living polymerization.^^ As such, the molecular weight of
poly(3-hexylthiophene) can be tuned by the ratio of 2,5-dibromo-3-hexylthiophene
and l,3-bis(diphenylphosphino) propane nickel(II). The polydispersity of resulting
poly(3-hexylthiophene) is also much lower than polymers prepared by conventional
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polycondensation. The mechanism of this polymerization is shown in Scheme 2.4.
After bromide-terminated P3HT 5 was prepared, Stille coupling of
P3HT-bromide 5 with vinyl tri-«-butyltin gave the desired vinyl-terminated
polythiophene 9.^^ It is also known that vinyl-P3HT-Br 10 can be made by a
modified one-pot GRIM polymer method, quenching the polymerization with vinyl
magnesium bromide.^'' However, our attempts to reduce the chain-end bromide (by
treatment of polymer 10 with r-butyl magnesium bromide in refluxing THF) failed,
probably due to reactions that can occur at the terminal vinyl group. The presence
of the bromide chain-end in 10 precludes its use in subsequent Heck coupling with
arylbromide-flinctionalized CdSe nanorods. Thus, the Stille coupling between
bromide-terminated P3HT and vinyl tri-w-butyltin proved most effective in
preparing the vinyl-terminated P3HT for this thesis research.
Scheme 2.4
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2.9.2 Attaching vinyl-terminated P3HT onto arylbromide-functionalized CdSe
nanorods
P3HT-functionalized CdSe nanorods were prepared by Heck coupling of
vinyl-terminated P3HT 9 and arylbromide-functionalized CdSe nanorods, as shown
in Scheme 2.5. The Heck coupling was carried out in THF at 55 °C using
tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) and tri(/-butyl)phosphine
(P(fBu)3) as catalyst, and methyldicyclohexyl amine as base. These conditions, as
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described by Fu and coworkers, proved effective in Heck coupling, as the coupling
proceeds smoothly even at room temperature. Following the Heck coupling,
excess (unreacted) vinyl-terminated polymer 6 was separated from the
functionalized nanorods by dialysis in a chloroform bath using a PVDF dialysis bag
(molecular weight cut-off 250 kDa, from Spectrum Laboratories, Inc.). The
solubility of the CdSe nanorods changed markedly following the coupling, from the
hexane-soluble arylbromide-covered nanorods to the hexane-insoluble, but THF,
toluene, and chloroform soluble nanorods. This solubility of P3HT-functionalized
nanorods is typical of P3HT, and is expected for nanorod samples covered with
P3HT. After removing excess and unreacted vinyl-terminated P3HT by dialysis,
the 'H NMR spectrum of the pure P3HT covered CdSe nanorods showed the
characteristic aromatic protons at 6.9 ppm, and methylene protons directly
connected to the thiophene at 2.5 ppm.
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Scheme 2.5
Thermogravimetric analysis (TGA) was conducted to quantify the P3HT
coverage on the CdSe nanorods. As shown in Figure 2.8, TGA performed on P3HT
homopolymer (molecular weight 8,600 g/mol) indicated an onset of degradation at
400-450 °C, and a char yield of about 20%. The P3HT-covered CdSe nanorod
sample showed significant weight loss in the 400-450 °C range, similar to that of
P3HT homopolymer. The mass loss in this temperature range is due to the grafted
P3HT. The P3HT-covered nanorods with the phosphine oxide (DOPO-Br) ligand
had -13 wt% P3HT, while P3HT covered nanorods with thiol ligand 3 had -18 wt%
P3HT. Assuming a CdSe nanorod density of 5.8 g/cm^ (as for the bulk),^^ the
volume percentage of P3HT in the P3HT-covered CdSe nanorods is 46% and 56%o
for the phosphine oxide and thiol linked coverages, respectively. For a nanorod of
8 nm diameter and 40 nm length covered with 3,900 g/mol P3HT ligands, this leads
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to roughly 250 P3HT chains per nanorod for P3HT-covered nanorods with
phosphine oxide linkage to the surface, and 400 P3HT chains per nanorod for
P3HT-covered nanorods with thiol linkage to the surface.
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Figure 2.8. TGA measurement of P3HT-functionalized CdSe nanorods: (a) P3HT
homopolymer, (b) P3HT-functionalized nanorods with thiol ligands, and (c)
P3HT-functionalized nanorods with phosphine oxide ligands.
The coverage of P3HT on the nanorod surface will be determined by the initial
coverage density of arylbromide ligands, and the efficiency of Heck coupling
between vinyl terminated P3HT and arylbromide-covered nanorods. The Heck
coupling between vinyl and bromide with Pd2(dba)3/P(/-bu)3 appears to be very
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effective, and not a limiting factor in determining P3HT coverage. Thiols are
known to be more effective ligands than phosphine oxides for cadmium sites on
OA
CdSe nanoparticles. Thus, the greater P3HT coverage found in the thiol case is
attributed to a higher initial coverage of thiol ligand 6 relative to that of the
phosphine oxide ligand.
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CHAPTER 3
UTILIZATION OF SURFACE FUNCTIONALIZED
CDSE NANOPARTICLES/NANORODS IN POLYMERS
This chapter highlights how surface functionalized nanoparticles/nanorods can
be utilized in polymers. The successful unitization of nanoparticles/nanorods in
polymers requires the ability to prepare nanoparticles/nanrods with appropriate
surface functionality and a good understanding how nanoparticles/nanorods interact,
both enthalpically and entropically, with polymers.
3.1 Assembly of nanoparticles/nanorods in block copolymer templates
For many materials and device applications, it is desirable to disperse and
assemble the nanoparticles in polymer materials. Excellent, but random, dispersion
of nanopartices in polymer matrices can be achieved by using ligands that render the
nanoparticles miscible with the polymer matrix.'*^' ^' In applications related to
light emitting, sensor, and electronic devices, precise control over the lateral
distribution of the nanoparticles would be advantageous. Inorganic and polymer
templates are structural platforms that are well suited for particle assembly over a
range of size scales. Such templates can be prepared by lithographic processes to
give feature sizes on the micron and submicron scale. Yin et al.^^ and Cui et al.^'
demonstrated that capillary force could be employed to trap micron-sized particles
and nanoparticles into lithographically prepared trenches on the micron and
submicron size scale. However, the shrinking size of electronic devices requires the
use of smaller template features, deep into the nanoscale, to direct assembly of
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nanometer-sized particles. Templates prepared from thin films of microphase
separated block copolymers are ideal, since the typical feature size of block
copolymer domains is in the range of 10-20 nm.^^"^° For example, using these
nanoporous templates prepared from diblock copolymer thin films, Misner et al.^'
demonstrated the effective use of capillary force to drive tri-«-octylphosphine oxide
(TOPO)-covered CdSe nanoparticles into the nanopores of cylindrical diblock
copolymer templates. On the other hand, diblock copolymer and nanoparticle
mixtures have also been used to arrange spatial distribution of nanoparticles because
the microphase separation of the copolymer could direct the spatial distribution of
nanoparticles if the ligand of nanoparticles are carefully tuned to be miscible with
one of the blocks and if the size of nanoparticles is relatively small compared to the
block copolymer domain size.^^"^° Here we demonstrate that block copolymer
templates are very nicely suited to control the lateral arrangement of semiconducting
CdSe nanoparticles and nanorods.
3.1.1 Block copolymer template fabrication
Block copolymers comprise two chemically dissimilar polymer chains that are
covalently linked together at one end. Owing to the low entropy of mixing, polymer
blends are, in general, immiscible and macroscopically phase-separate. However,
with block copolymers, due to the connectivity of the two chains, phase separation is
limited to the dimensions of the copolymer chain, -5-20 nm in size. The volume
fraction of the components, the strength of the interactions between the segments
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(characterized by Flory-Hugguis interaction parameter x), and the molecular weight
contribute to the size, shape, and ordering of the microdomains.^"*'^^ Morphologies
ranging from spherical to cylindrical to bicontinuous gyroid to lamellar, as shown in
Figure 3.1, can be obtained by varying these parameters.
S C G L G' C S'
Figure 3.1. Diagram of the microdomain morphologies of diblock copolymers. As
the volume fraction of the two blocks is varied, the diblock copolymer
self-assembles into morphologies ranging from spherical (S) to cylindrical (C) to
gyroid (G) to lamellar (L). Note that G', C, and S' have the same morphologies but
reversed polymer components of the G, C, and S systems.
Of particular interest to this thesis is polystyrene-6-poly(methyl methacrylate)
(PS-Z>-PMMA) diblock copolymer. In general, preferential interactions of one block
with the substrate or a lower surface energy of one component will force a
segregation of one block to either the surface or the substrate.^"^'^^ The connectivity
of the blocks forces an orientation of the domains parallel to the substrate. In order
to control the domain orientation of this block copolymer, a random copolymer of
P(S-r-MMA) can be anchored onto substrates.^'' '° At -58% PS in this random
copolymer, both PS homopolymer and PMMA homopolymer interact equally with
this random copolymer. As such, the domain of PS-Z)-PMMA block copolymer can
be oriented normal to the surface-modified substrate. Initially, low polydisperse
hydroxyl-terminated PS-r-PMMA was synthesized through nitroxide-mediate
polymerization (Scheme 3.1) and was used to modify native oxide layer of silicon
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wafer. While it is working well on silicon wafers due to the reaction of hydroxyl
groups on the random copolymer and silanol group on silicon wafer under heating, it
can not be anchored onto many other useful substrates such as gold and Si:,N4. Later,
a random copolymers of styrene and methyl methacrylate with 2% reactive
benzocyclobutene (BCB) functionality randomly incorporated along the backbone
was prepared (Scheme 3.2). BCB units can undergo crosslinking chemistry at
250°C,^^ thus the BCB containing P(S-r-MMA) random copolymer can be
spin-coated and subsequently crosslinked on essentially any substrate. This new
random copolymer provides a universal way to modify the substrate and orient
PS-Z7-PMMA domains nornial to the substrate.
Scheme 3.1
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The procedure to make a nanoscopic template from PS-^-PMMA is
schematically shown in Figure 3.2. First, the substrate was modified using
P(S-r-MMA) random copolymer. Then, a block copolymer was spin-coated onto the
surface-modified substrate and annealed above the glass transition of both blocks.
The domains of block copolymer were normal to the substrate at this stage. Finally,
the PMMA domains were removed by exposure of the film to UV radiation,
followed by washing with acetic acid to remove fragments of PMMA. At the same
time, the polystyrene matrix is crosslinked by UV radiation, making the template a
robust film. If the starting block copolymer has a cylindrical morphology with
PMMA as the minor component, the resulting block copolymer template will be
well-ordered nanopores in polystyrene matrix. If the starting block copolymer is a
lammelar block copolymer, the resulting block copolymer template will be
nanotrenches in a polystyrene matrix.
lamellar template
with trenches
Figure 3.2. Schematic illustration of the procedure to fabricate nanotemplates from
diblock copolymers.
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Experimentally, diblock copolymers of polystyrene and poly(methyl
methacrylate) were synthesized by anionic polymerization using ^ec-butyl lithium as
the initiator. Two diblock copolymer samples were used. One sample had a number
average molecular weight of 66 000, a polydispersity of 1 .09, and a PMMA volume
fraction of 0.25. This diblock copolymer self-assembles into a cylindrical phase,
where the cylinders are composed of PMMA. The other diblock copolymer had a
number average of molecular weight of 93 000, a polydispersity of 1.09, and a
PMMA volume fraction of 0.50. This diblock copolymer forms alternating lamellae
upon phase separation. A hydroxyl terminated random copolymer of styrene and
methyl methacrylate containing 58% styrene was anchored to the surface of silicon
substrates.Thin films of PS-6-PMMA with a thickness of ~jLo (bulk period of block
copolymer, which is about 30-40 nm for these two block copolymers)) were
prepared by spin-casting toluene solutions onto these substrates. Thin films were
annealed at 170 °C under vacuum for 48 h, exposed to deep UV irradiation {X 254
nm) for 30 min, then washed with acetic acid for 5 min. This produced a film of
polystyrene with either nanopores or nanotrenches, depending upon the initial
morphology of the diblock copolymer used.
3.1.2 Electrophoretic deposition of charged CdSe nanoparticles into block
copolymer templates
Electrophoretic deposition is typically performed on a planar conducting surface.
Recently, Bailey et al.^^ demonstrated the electrophoretic deposition of an aqueous
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solution of citrate-stabilized colloidal gold nanoparticles into the trenches of a
micropattemed indium tin oxide (ITO) surface prepared by microtransfer molding
from a 5 |imx5 |Lim square relief master. A calculation by Nadal et al.'°^ showed that
a dielectric strip (such as the molded pattern used by Bailey et al.^^) in a conducting
electrode could significantly change the hydrodynamic flow of an electrolyte
solution in regions near the electrode surface, and that charged particles in this
solution tend to slip from the dielectric strip and be deposited onto the conducting
area.
Here, we employ diblock copolymer templates 30-40 nm in thickness with
feature sizes on the order of 15 nm. A key component of this study is the contrast
provided by this 30-40 nm layer of dielectric material relative to the conducting
substrate. Equally important is the ability to tailor the nanoparticles with
functionalized ligands. The carboxylate-functionalized quantum dots
(MUA-functionalized CdSe nanoparticles, prepared as described in Chapter 2),
approximately 3 nm in diameter, possess the aqueous solubility and charge needed
to enable the electrophoretic deposition process. As shown here, the selectivity and
coverage of nanoparticles into nanoporous regions of the templates achieved by
electrophoretic depositon is much higher than that obtained by capillary force alone.
A schematic diagram of the electrophoretic deposition is shown in Figure 3.3.
Templates containing nanopores on copper grids were used as anodes and bare
gold-coated silicon wafers were used as cathodes. Solutions of
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11-mercaptoundecanoic acid (MUA)-covered CdSe nanoparticles in water and
methanol were prepared and used in the deposition bath. A do vohage was then
applied between the two electrodes.
Anode: diblock copolymer
template on copper gnd
Figure 3.3. Schematic diagram of the setup used to drive negatively charged CdSe
nanoparticles into diblock copolymer templates. Templates with nanopores or
nanotrenches served as the anode, and bare gold-coated silicon wafers served as the
cathode.
Figure 3.4(a) shows a transmission electron microscopy (TEM) image of the
template before deposition. The bright dots in the image are the empty nanopores
within the darker polystyrene matrix. The hexagonal arrangement of the nanopores
results from the original hexagonal packing of PMMA cylinders in the microphase
separated diblock copolymer.^'*' The electrophoretic deposition experiments were
performed at various electric field strengths, nanoparticle concentrations, and
deposition times. The optimal field strength for deposition was found to be 0.4-0.8
V/cm. The concentration of nanoparticles was ~10'^ particles/mL, and a typical
deposition time ranged from 1 to 10 min. Figure 3.4(b) shows a typical image of a
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nanoparticle-filled template produced after a deposition time of 1 min at an electric
field strength of 0.4 V/cm (the small black dots are the CdSe nanoparticles). As seen
in the image, individual nanoparticles are embedded within some of the nanopores,
while a smaller percentage of the nanopores remain empty. By increasing the
deposition time to 5 min, and using the same voltage, a nearly complete deposition
of CdSe nanoparticles into the nanopores is observed (Figure 3.4(c)). Magnification
(Figure 3.4(c), inset) shows that some of the pores may contain more than one
nanoparticle.
IDOini
I 1
(c)
Figure 3.4. TEM images of nanoporous templates generated from cylindrical
PS-Zj-PMMA diblock copolymer thin film: (a) before deposition; (b) after 1 min
deposition time with an electric field strength of 0.4 V/cm; (c) after 5 min deposition
time with an electric field strength of 0.4 V/cm (inset: higher magnification).
Templates prepared from lamellar diblock copolymers were also used for
electrophoretic deposition. In the lamellar case, removal of PMMA by UV
irradiation and acetic acid washing leaves nanotrenches in the template film as
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shown in Figure 3.5(a). The worm-like structure is a top-view of lamellae oriented
normal to the surface; the bright areas are nanotrenches generated after removal of
PMMA. This nanotrench-containing template was used for electrophoretic
deposition in a fashion similar to the nanoporous case described previously. The
solution concentration of CdSe nanoparticles used in these experiments was ~10'^
particles/mL. The TEM image in Figure 3.5(b) shows the successful deposition of
CdSe nanoparticles into the nanotrenches after a deposition time of 1 min and an
electric field strength of 0.4 V/cm. Individual CdSe nanoparticles (dark dots in the
TEM image) are discernible within the nanotrenches. However, the majority of the
template area remains unoccupied by nanoparticles.
Figure 3.5. TEM images of templates with nanotrenches generated from lamellar
PS-^-PMMA diblock copolymer thin film: (a) before deposition; (b) after 1 min
deposition time with an electric field strength of 0.4 V/cm; (c) after 10 min
deposition time with an electric field strength of 0.8 V/cm.
When the electric field strength was increased to 0.8 V/cm and deposition time
increased to 10 min, the coverage of nanotrenches by nanoparticles increased
dramatically, as shown in Figure 5(c). In this image, black worm-like structures are
CdSe nanoparticles in the nanotrenches, while gray worm-like lines are the
polystyrene template material, and scattered bright areas are unfilled space within
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nanotrenches. It is seen in Figure 3.5 that most of the nanotrenches are completely
filled with CdSe nanoparticles though empty regions of these trenches are observed.
It should be noted that the photoluminescence of CdSe nanoparticles was
maintained following the electrophoretic deposition. Photoluminescence was
monitored before and after electrophoretic deposition. Shown in Figure 3.6 are the
photoluminescence spectra of MUA-covered CdSe nanoparticles in methanol, in the
solid state on a silicon wafer, and embedded within the diblock copolymer template
(taken from the sample in Figure 3.4(c)). An observed red shift in the solid-state
spectrum relative to the solution spectrum is consistent with previous studies on
dilute vs. concentrated nanoparticle samples in the solid state'°' and with a report on
cadmium sulfide nanoparticles in bulk polystyrene-^?/ocA:-poly(ethylene oxide)
(PS-Z)-PEO).'^^
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Figure 3.6. Comparative photoluminescence spectra of MUA-covered CdSe
nanoparticles in methanol; in the solid state on a silicon wafer; and embedded in a
cylindrical diblock copolymer template.
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3.1.3. Assembly of PEO-covered CdSe nanorods in block copolymer templates
While electrophoretic deposition worked well on charged spherical CdSe
nanoparticles, the effort on using electric fields to drive carboxylate-covered CdSe
nanorods into block copolymer templates failed, probably due to the complex
orientation and flow pattern of charged nanorods under an electric field.
Alternatively, described here is the use of of poly(ethylene oxide)
(PEO)-functionalized CdSe nanorods for assembly in diblock copolymer templates.
The PEO-covered CdSe nanorods, 20-60 nm in length and 7-8 nm in diameter
(prepared as described in Chapter 2), were assembled selectively within the
nanometer scale channels and pores of these block copolymer templates. These
assemblies were prepared by floating the block copolymer polymer template onto an
aqueous solution of the nanorods (Figure 3.7). In this process, the nanorods become
trapped within the channels and pores. The length of the nanorods relative to the
channel or pore width controlled the orientation and lateral position of the nanorods.
The nature of the ligands on the nanorods was found to be critically important to
the success of the assembly. Alkane-covered CdSe nanorods prepared by
state-of-the-art techniques^'' are not compatible with this aqueous flotation method,
and attempts to perform similar assemblies in organic solvents are complicated by
swelling of the template and the low surface tension of organic solvents.
Functionalization of CdSe nanorods with PEO ligands provides nanorod solubility in
water, enabling the assembly by the flotation method described here. Moreover, the
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surface activity of PEO that directs the nanorods to the water-air interface proved to
be of key importance for the assembly process. '"^ Other water-dispersible CdSe
nanorods, for example, those covered with 1 1 -mercaptoundecanoic acid (MUA), are
not integrated into the templates using these flotation procedures.
Figure 3.7. Schematic of assembly process: (a) flotation of template onto aqueous
solution of PEO-covered nanorods; (b) PEO-covered nanorods within the channels
and on the PS template surface; (c) nanorods isolated in the channels following
rinsing of the template.
The film flotation method used in these studies exposes the pores and channels
of the templates only to the surface of the aqueous nanorod solution. Immediately
after removal of the template from the aqueous nanorod solution, the PEO-covered
CdSe nanorods are found to accumulate both within the channels and on PS surface
of the template. However, rinsing with water removes the nanorods from the PS
surface, leaving nanorods only within the channels. This was observed for all four of
the nanorod samples investigated, specifically those with average lengths of 20, 25,
35, and 60 nm. Two representative images of the 25 and 35 nm nanorods in lamellar
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templates are shown in Figure 3.8(a) and 3.8(b). These images also reveal the
tendency of the nanorods to align along the channel walls, due to the confinement
along the channells.
Figure 3.8. TEM micrographs showing distribution of CdSe nanorods on lamellar
and cylindrical templates after washing with water: (a) 25 nm (in length)
PEO-covered nanorods in lamellar template; (b) 35 nm PEO-covered nanorods in
lamellar template; (c) 20 nm PEO-covered nanorods in cylindrical template; (d) 40
nm PEO-covered nanorods in cylindrical templates; and (e) attempted assembly
using 25 nm MUA-covered nanorods with lamellar template. Scale bars = 100 nm.
Nanoporous templates prepared from PS-Z?-PMMA diblock copolymers having
cylindrical microdomains were also used in nanorod assembly experiments. When
the nanorod length is smaller than the diameter of the pores in the template, the
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nanorods segregate within the cyhndrical pores after the template is floated onto the
aqueous nanorod solution and washed with water. The efficiency of this assembly is
apparent in Figure 3.8(c), where CdSe nanorods 20 nm in length have assembled
within a template having 30 nm diameter pores. Each of the pores contains several
nanorods, and no preferred orientation of the nanorods is observed, due to the
symmetry of the pore cross-section. As the rod length exceeds the pore diameter,
penetration of the rods into the pores becomes difficult, and the density of rods in
the template is considerably lower as shown in Figure 3.8(d).
In contrast, water-soluble MUA-covered CdSe nanorods could not be deposited
into copolymer templates with any measure of success. MUA-covered nanorods
appear only sporadically on the template films, as shown in the TEM image of
Figure 3.8(e). In addition, MUA-covered nanorods show no selectivity for either
domain of the templates. This result demonstrates that water solubility of the
nanorods, while needed to enable the desired assembly, is not sufficient to drive the
process. Rather, the surface activity of PEO is required'°^ to aid the segregation of
the nanorods to the water-air interface, where they are absorbed by the templates.
The entrapped PEO-covered CdSe nanorods are held effectively by the template,
rather than removed by rinsing with water, due to their affinity for the water-air
interface. Moreover, the channels and pores in the copolymer templates are
hydrophobic and, as such, are not wet by water.^^ On the other hand, the
PEO-covered nanorods resting on the polystyrene film are removed easily by rinsing.
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The lack of surface activity in the MUA-covered nanorods leaves no driving force
for assembly into the template material using this convenient flotation technique.
3.2 Autoresponsive composite bilayer films from nanopartide-filled polymers
Autoresponsive materials change or perform a function in response to an
external stimulus. Here, we exploit both the ability to tailor the ligands on the
nanoparticles, and the entropic interactions between the particles and polymers, to
create an auto-responsive hybrid material. We focus on a multilayer system that
encompasses a brittle film and an underlying nanoparticle-filled polymer.
Multilayered composites of ductile polymers and brittle films (for example,
ceramics or metals) are essential for microelectronics packaging, coatings,
solid-state devices and biomedical applications. However, when subjected to
high temperatures, cracks can form in the brittle layer. ' Here, in collaboration
with Gupta, we demonstrate when such a crack is introduced into the brittle layer,
the nanoparticles can migrate to, and assemble within, the crack. When the sample is
cooled, the particles are found to be localized at the defect, effectively filling the
fissure and, in principle, can be used to diminish the damage to the composite.
Consequently, the addition of nanoparticles to the polymeric matrix not only
augments the functionality of the polymers, but also affords a means of imparting
self-healing characteristics to hybrid materials, providing a route to prolong the
structural integrity and utility of the system.
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A schematic of the bilayer film used in this study is shown in Figure 3.9, which
indicates the relative location of the different components in the undamaged material.
Figure 3.10 shows a fluorescence microscope image of the bilayer composite film
with a crack in the 50 nm thick silicon oxide layer deposited on a 300 nm thick film
of the mixed poly(methyl methacrylate) (PMMA) and tri-«-octylphosphine oxide
(TOPO)-covered 3.8-nm-diameter CdSe/ZnS nanoparticles. After annealing at
1 70 °C for 20 h, unfortunately, unlike what was predicted in the simulation study,^^
no localization of the nanoparticles into the crack was observed.
^ SiOx
PMMA/Nanoparticle
Substrate
Figure 3.9. Schematic diagram of a SiOx/ PMMA-nanoparticle composite bilayer on
a silicon wafer.
Figure 3.10. Cracks in 500-nm-thick SiO;, layer on PMMA/TOPO-covered 3.8-nm
CdSe/ZnS nanoparticles. (a) Bright field image and (b)corresponding
fluorescence image. Inset: schemafic of TOPO-covered nanoparticle.
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Transmission electron microscopy (TEM) studies were also performed on the
PMMA/nanoparticle composite film before deposition of the silicon oxide to
examine the distribution of nanoparticles within the film. Figure 3.11 shows a
cross-section of a TOPO-CdSe/ZnS-PMMA film, where it is seen that nanoparticles
formed cluster of 50-100 nm in PMMA matrix and that most of the nanoparticles
were located at the top of the film (air/polymer interface), whereas very few were in
the bulk. The segregation of the nanoparticles to the polymer/air interface arises
from the non-favorable interactions between the alkane ligands attached to the
nanoparticles and the PMMA matrix and the lower surface energy of the alkanes.
Due to immiscibility of TOPO-covered nanoparticles and PMMA, the diffusion of
nanoparticles through PMMA matrix to the cracks is prohibited.
Figure 3.11. TEM images of TOPO-covered nanoparticles in PMMA matrix, (a) top
view and (b) cross-section view.
To circumvent this phase segregation behavior, CdSe/ZnS nanoparticles with
PMMA ligands were targeted. This turned out to be very challenging to realize.
From the literature, it is known that PEO is miscible with PMMA (the
Flory-Hugguis interacfion parameter is slightly negative, but very close to zero).^^
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Therefore, PEO-covered CdSe/ZnS nanoparticles were subsequently prepared from
ligand exchange chemistry with thiol-terminated PEO as described in Chapter 2. As
expected, PEO-covered nanoparticles can be uniformly dispersedy in PMMA matrix
throughout the thicicness of the film, as evidenced by TEM images shown in Figure
Figure 3.12. TEM images of PEO-covered nanoparticles in PMMA matrix, (a) top
view and (b) cross-section view. Inset: Schematic illustration of PEO-covered
nanoparticle.
Once the right morphology (i.e., well-dispersed nanoparticles in PMMA) was
achieved, the same experiment was repeated with PEO-covered nanoparticles and
the diffusion of nanoparticles to the cracked area was observed as shown in Figure
13. The origin for nanoparticles to diffuse to cracks is entropy as the individual
PMMA chains must extend and stretch around the nanoparticles to achieve a
uniform dispersion. Once the polymer is heated to a temperature above its glass
3.12.
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transition and polymer chains start to have mobility, and there is an entropic gain in
expelling the nanoparticles to the free surface.^'*" This depletion attraction
pushes the nanoparticles out of the film even though the particles are 'soluble' in the
polymer matrix. Enthalpically, having PEO-covered nanoparticles at air surface is
also favorable since the surface energy ofPEO is smaller than that ofPMM.
Figure 3.13. Fluorescence microscope image of a crack in a 60 nm SiOx layer on a
mixture ofPMMA with PEO-covered 3.8-nm-diameter CdSe/ZnS nanoparticles.
If the dominant driving force for the observed segregation is entropic in origin,
then the segregation must depend on the size of the nanoparticles relative to the size
of the polymer chains in the matrix. Consequently, studies were performed on two
different size (d=3 nm and 5.2 nm) PEO-covered CdSe/ZnS nanoparticles dispersed
in the PMMA matrix. Fluorescence intensity change within the crack was monitored
as a function of time at 140 °C (above the glass-transition temperature To of PMMA),
as shown in Figure 3.14. In the solid state, the intensity increase cannot be directly
correlated with an increase in the absolute number of nanoparticles in the crack.
However, this does provide a relative measure of the diffusion of the nanoparticles
to this interface. For 3 nm nanoparticles, the fluorescence intensity in cracks is
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slightly higher than that of the background and it did not change much with time.
However, with the 5.2 nm nanoparticles, a large increase in the relative fluorescence
intensity was seen with time. The difference between these can be understood in
terms of the entropic costs arising from the packing of the PMMA chains around the
nanoparticles. If the nanoparticles are small in comparison to the radius of gyration
Rg of the polymer, the constraints placed on the configuration of the chains are small
and, as such, the entropic penalty to incorporate the nanoparticles in the polymer
matrix is small. However, with larger particles (comparable to the radius of gyration
of the polymer), the entropic penalty increases and the nanoparticles will be driven
more readily from the matrix and, in this case, to the exposed crack area.
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Figure 3.14. Plot of the fluorescence intensity in cracks as a function of time for
3 nm (circle) and 5.2 nm diameter (square) PEO-covered CdSe nanoparticles at
140 ° C.
Up to this stage, the diffusion of nanoparticles to cracks has been demonstrated.
In principle, the presence of nanoparticles in cracks can be used to heal cracks.
Shown here is one possible way where crosslinking between nanoparticles may be
used to enhance the mechanical property of the cracked bilayer film after
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nanoparticles have diffused to cracks. One way is to make a bifunctional PEO which
has a thiol group at one end, and an epoxide group at the other chain end. Such
bifunctional PEO can be made following Scheme 3.3.
Scheme 3.3
SH
(\) I
(\) —S-Cl
(2^
O (2) Br
TFA/DMSO m-CPBA
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First /-butyl mercaptan is used to initiate ring-opening polymerization of
ethylene oxide to prepare t-butyl protected thiol-terminated PEO 1 with the other
end being a hydroxyl group, which can be subsequently converted to allyl
terminated PEO 2. At this point, the /-butyl protecting group is deprotected with
trifluoroacetic acid (TFA) to give free thiol which can be transfonned to a PEO
disulfide 3 with dimethyl sulfoxide (DMSO). The allyl terminated PEO disulfide 3
can be converted to epoxide terminated PEO disulfide 4 through epoxidation
chemistry under me/a-chloroperbenzoic acid (wCPBA). Finally, epoxide terminated
PEO disulfide is reduced with Dithiothreitol (DTT) to give free thiol- PEO 5 with
epoxide on the other chain end, which can be grafted onto CdSe/ZnS nanoparticle
surface through ligand exchange chemistry. The epoxide PEO-covered nanoparticles
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are expected to behave just like previously prepared PEO-covered nanoparticles so
that they will diffuse into cracks generated in bilayered film. The presence of
epoxide groups on nanoparticle surfaces gives the opportunity to crosslink the
nanoparticles in cracks with exposure to base (e.g. amines).
3.3 Use of semiconducting CdSe nanorods in photovoltaics
Organic photovoltaics are nanostructured thin-films composed of
semiconducting organic materials that absorb photons from the solar spectrum.^"*
The most effective organic photovoltaics are heterojection photovoltaics where
electron donating organic semiconducting materials (usually conjugated polymers)
are used together with electron accepting materials (e.g., semiconductor nanocrystals
and fullerenes). These devices can be prepared via solution-based methods, such as
ink-jet or screen printing, enabling rapid mass-production and driving down cost. A
typical organic photovoltaic device is schematically shown in Figure 3.15. Active
materials (e.g., conjugated polymer and fullerene or semiconductor nanocrystals) are
sandwiched between two electrodes (aluminum as cathode and ITO coated glass as
anode). Between the active material and ITO, a mixture of
poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(styrenesulfonate) (PSS) is
used as a hole transporting layer. LiF is used as electron transporting layer between
active material and cathode. The power conversion (r|) of the device can be
caculated through I-V curve measurement under simulated solar condition:
r| = Isc * Voc * FF / Iijght, where Jsc is the short-circuit current density in mA/cm^, Voc
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is the open-circuit voltage and Ihght is the intensity of irradiating light in mW/cm^,
and FF (fill factor) is defined as following:
FF = max{I*V} / Jsc* Vqc, where max (I*V) is the maximum area under I-V curve.
The conversion of solar energy into electricity is a consequence of the following
processes: (1) Photon absorption: photons are absorbed by active organic
materials leading to formation of an excited state, an electron-hole pair (exciton). (2)
Exciton diffusion: excitons diffuse to the interfaces between the electron donor and
the electron acceptor where charge separation occurs. (3) Exciton dissociation:
separation of electron and hole pairs. This is possible due to a sharp potential change
at the donor-acceptor interface. However, this process is not well understood. (4)
Charge transport: the free charge carriers transport to the electrodes (holes to the
anode and electrons to the cathode).
Cathode
1
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Figure 3.15. Schematic illustration of an organic photovoltaic device
Therefore, a large interface between electron-donor and electron-acceptor is
desired to facilitate electron-hole pair (exiton) dissociation into a free electron and
hole. In addition, formation of continuous pathways of electron donor and electron
acceptor is required to provide a continuous path for free electrons and holes to be
transported to the corresponding electrodes and prevent electron-hole recombination.
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For this purpose, rod-like electron-acceptors should be advantageous over spherical
electron-acceptors because a lower concentration of electron-acceptor is required to
form a continuous percolation pathway for rod-like materials. In addition, if rod-like
electron-acceptors can be oriented, the long axis of electron-acceptors can be used as
a direct pathway to transport electrons to the electrode provided the rod is long
enough (100-200 nm).
In this thesis, CdSe nanorods were investigated for possible use as electron
acceptors in organic photovolatics. The diameter of nanorods can be tuned from
4-10 nm and the length of the nanorods can vary from 20-100 nm (even longer
nanorods can be prepared by multiple-injection method).^^ First, efforts were
focused on how to make nanorods orient normal to a substrate, since rod-like
materials, in general, would like to lie parallel to a substrate. Experimentally,
Alivisatos et al. fabricated photovoltaic devices based on regioregular
poly(3-hexylthiophene) (P3HT) and pyridine-covered CdSe nanorods and it was
observed that CdSe nanorods oriented parallel to the electrodes although a higher
power conversion efficiency was obtained compared to devices based on spherical
CdSe nanoparticle and P3HT.'^' It was also reported that there is a permanent
dipole moment along the long axis of wurtzite cyrstalline CdSe nanorods and the
dipole moment increases linearly with the voulme of the nanorod (Figure 3.16)."°
For a CdSe nanorod with diameter of 8 nm and a length of 40 nm, the dipole
moment along the long axis of the nanorod would be -1400 Debye (extrapolating
the linear relationship of dipole moment vs. nanorod volume found by Li et al.)}^^
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Figure 3.16. Permanent dipole moment along the long axis of a CdSe nanorod vs.
the volume of the nanorod."^
Therefore, in principle, an electric field can be used to orient CdSe nanorods
normal to a substrate. Together with Suresh Gupat, we designed a setup shown in
Figure 3.17 to align CdSe nanorods. Experimentally, a chloroform solution of these
CdSe nanorods (0.5 wt %) and regioregular poly(3-hexylthiophene) (P3HT, 0.5 wt
%, molecular weight 8,600 g/mol) was prepared, and a droplet (~20 juV) of this
solution was placed on a silicon oxide coated silicon wafer. An electric field E (10''
V/m) was applied while the chloroform evaporated over an 8 h period. This was
achieved by using a gold-coated glass slide which has a concave well with a depth
of 300 //m and diameter 1 cm and applying a 3000 V potential across the two
electrodes. The glass slide is made of soda lime glass with mobile Na^ ions. This
allows a voltage gradient only in the air gap between the glass slide and silicon
wafer. The nanorod/polymer composite film obtained in this process was
transferred onto a copper grid by floating the film onto a 5% HF(aq) solution and
then examined by TEM.
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Figure 3.17. Schematic representation of the experimental setup for appUcation of
an electric field during solvent evaporation of nanorod-polymer composites. A
silicon wafer serves as one electrode, and gold-coated soda lime glass serves as the
second electrode.
Figure 3.18 shows TEM image of oriented alkane-covered CdSe nanorods in
P3HT matrix. The first observation from this experiment is that alkane-covered
CdSe nanorods were successfully oriented normal to the substrate. The second
observation is that alkane-covered CdSe nanorods were phase separated from the
P3HT matrix. This phenomenon of having phase separated oriented nanorods in a
polymer matrix is termed "Self-corralling". This is a result of two orthogonal fields
acting on the system. One field is the electric field acting normal to the film surface
to orient the nanorods in the direction of applied field. It has been shown previously
that the dipole moment of a CdSe nanorod with diameter of 8 nm and length of 40
nm is -1400 Debye. There is a torque T exerted on this permanent dipole when
placed in an electric field that aligns the dipole in the direction of the applied electric
field, if the rods and electric field lines are orthogonal, the strength of the torque on
the nanorods (T =P x E) is 4 x 10 '° Nm, or 10 times thermal energy. Therefore, this
electric field is sufficient to orient CdSe nanorods. The second force results from the
unfavorable enthalpic interactions between the alkane ligands of nanorods and P3HT,
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which minimizes the interfacial area between nanorods and P3HT, and forces a
phase separation and dense packing of the nanorods, i.e., a "corralling" that is frozen
in by the polymer matrix upon solvent evaporation. It should also be noted that there
is a large enthalpic energy cost for isolated nanorods to be dispersed in the polymer
matrix, further underscoring the concept of corralling.
Figure 3.18. TEM image of "Self-corralling" of alkane-covered CdSe nanorods in a
P3HT matrix. The nanorods phase separate and align perpendicular to the substrate
upon application of an electric field.
This "self-corralling" also worked well when the polymer matrix is replaced
with poly(methyl methacrylate) (PMMA), since alkane-covered nanorods have
strong unfavorable interaction with PMMA. As shown in Figure 3.19, oriented CdSe
nanorods phase-separated from PMMA matrix. It should be stressed that the lateral
unfavorable enthalpic interaction is very important in the "self-corralling" process.
When unfavorable enthalpic interaction was removed by using a ligand that was
miscible with polymer matrix, oriented CdSe nanorods in polymer matrix was not
observed. For example, when PEO-covered nanorods were used together with
PMMA matrix, oriented PEO-covered CdSe nanorods in PMMA were not observed.
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On the contrary, well-dispersed PEO-covered CdSe nanorods in PMMA were
obtained.
Figure 3.19. TEM image of "Self-corralling" of alkane-covered CdSe nanorods in a
PMMA matrix. The nanorods phase separate and align perpendicular to the substrate
upon application of an electric field.
Up to this point, oriented CdSe nanorods (electron acceptor) were obtained in
P3HT (electron donor) matrix. However, CdSe nanorods phase-separated from
P3HT, which miminized the interface between electron donor and electron acceptor
and was not a favorable morphology for photovoltaic applications. In order to limit
the phase separation between P3HT and CdSe nanorods, synthetic routes to directly
attach P3HT onto CdSe nanorods were developed and presented in Chapter 2. The
consequence of having P3HT directly attached onto CdSe nanorods is that
P3HT-covered nanorods were able to be dispersed in a P3HT matrix as shown in
Figure 3.20.
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Figure 3.20. TEM image of (20 wt %) of P3HT functionalized nanorods in P3HT
homopolymer matrix
The direct attachment of P3HT onto the CdSe nanorod surface was found to
impact the photophysics of the composite material. P3HT homopolymer (molecular
weight 8,600 g/mol, prepared using the GRIM method) showed the expected broad
photoluminescence emission from -620-750 ran (excitation wavelength 450 nm),
when measured in solid state using films cast from chloroform solution, as shown in
Figure 3.21. The solid state photoluminescence emission of alkane-covered CdSe
nanorods (8 nm in diameter and 40 nm in length) was centered at -660 nm, with a
peak width at half height of -35 nm (inset of Figure 3.21). It should be noted that the
photoluminescence from the CdSe nanorods is relatively weak compared to that
from P3HT, and that the photoluminescence spectrum of CdSe overlaps with that
from P3HT. Therefore, we focused mainly on the photoluminescence change seen in
P3HT. Films consisting of mixtures of the alkane-covered CdSe nanorods and
P3HT showed a slight decrease in P3HT photoluminescence relative to the P3HT
homopolymer. However, the P3HT-covered CdSe nanorods in the solid state showed
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a nearly complete quenching of photoluminescence from the polymer.
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Figure 3.21. Solid state photoluminescence of thin film cast from (a) P3HT
homopolymer, (b) alkane-covered nanorods in P3HT (90 wt% nanorods), and (c)
P3HT-functionalized CdSe nanorods (90 wt% nanorods). Inset: solid state
photoluminescence of CdSe nanorods.
This photoluminescence quenching is indicative of an efficient charge transfer
between P3HT and the CdSe nanorods.'" This result is consistent with an intimate
mixture of the two semiconductors, both in terms of the nanorod dispersion and the
electronic structures (LOMO/HOMO levels) of the two materials as schematically
shown in Figure 3.22. The efficient charge transfer between P3HT and CdSe
nanorods in P3HT-functionalized nanorods, in conjunction with orientation of
nanorods under external fields (i.e., electric fields), is promising to enhance the
power efficiency of photovoltaic devices based on these materials.
74
Donor
Anode
HOMO
Hole flow
Electron flow
Cathode
LUMO
Figure 3.22. Schematic illustration of electronic bandgaps of donor (P3HT) and
acceptor (CdSe nanorods) and how excitons dissociate at the interface between
electron donor and acceptor.
In summary, a good understanding of the interaction (both enthalpic and
entropic) between nanoparticles and polymers and the ability to tune nanoparticle
size and shape as well as the surface chemistry of nanoparticles are key elements in
achieving nanoparticle-polymer composite materials with a wide range of
applications.
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CHAPTER 4
NOVEL DONOR-ACCEPTOR DIBLOCK COPOLYMERS:
REGIOREGULAR POLY(3-HEXYLTH10PHENE)-5
POLY(PERYLENE DIIMIDE ACRYLATE)
4.1 Introduction
The discovery and development of renewable and sustainable energy grows in
urgency with rapid fossil fuel consumption and global warming associated with
carbon emission from fossil fiiles. Among all the renewable energy sources, solar
energy is by far most abundant. " While silicon-based solar energy has been
developed over several decades, it remains a high cost approach, due to the
sophisticated processing.''^ On the other hand, organic conjugated polymers are
envisioned as easily processible materials for solar cells, with applications as
light-harvesting plastics that cannot be achieved with inorganic materials.
Most conjugated polymers are hole-transporting materials (electron donors).^"*
In the heterojunction photovoltaic design, an electron conductor (electron acceptor)
must aslo be present, such that donors and acceptors interpenetrate.'^' ""At the
donor/acceptor interface, electrons and holes dissociate from excitons, and migrate
towards the electrodes of the device. Given an excition diffusion length of -10 nm
or less,"^ a preferred heterojuction photovohaic material would consist of electron
and hole carrier domains on a concomitant size scale. In polymer blends, the domain
sizes are much larger than the exciton diffusion length, due to the immiscibility of
the polymers. Thus, the nanostructured self-assemly of diblock copolymers holds
promise for the future of polymer photovoltaics.
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In Chapter 3, hybrid materials composed of regioregular poly(3-hexylthiophene)
donors and CdSe nanorod acceptors were described. Stimulated by the concept of
having electron donors and acceptors embedded into a hybrid material, this chapter
describes the synthesis of a diblock copolymer with one block functioning as the
electron carrier, and the other block as the hole carrier. Block copolymers form a
variety of microphase separated nanostructures, as shown in Figure 4.1, depending
upon the volume fraction of each block and the Flory-Huggins interaction parameter
of the two blocks.^'*' The size scale of this phase separation, in the 10-20 nm range,
is well suited for photovoltaics.
A B
Figure 4.1. Diagram of the microdomain morphologies of diblock copolymers. The
molecular weight of the block copolymer dictates the size of the microdomains,
typically ~10 nm.
Previously, some donor-acceptor diblock copolymers have been prepared, with
the objective of obtaining small domain sizes of the donor and acceptor.
"^""^
Hadziioannou et al. prepared PPV-^-fullerene-containing polystyrene
donor-acceptor diblock copolymers from PPV macroinitiator through nitroxide
mediated polymerization of 4-chlorostyrene, followed by converting chloride to
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azide, and grafting of fuUerenes onto polystyrene."^ Thelakkat and Krausch
prepared a diblock copolymer of 4-vinyltriphenylamine (electron donor) and
perylene bisimide acrylate (electron acceptor) through nitroxide mediated
polymerization."^'"^ However, the performance of these materials as photovoltaics
has been unimpressive, with power conversion efficiencies lower than 1%. To date,
the most promising and widely-used electron donor for organic photovoltaics is
regioregular poly(3-hexylthiophene) (rrP3HT). However, this has not been
incorporated as the donor block in donor-acceptor diblock copolymers, although
rrP3HT is of great interest due to high carrier mobility. Photovoltaic devices with
power conversion efficiencies approaching 5% have been fabricated based on
rrP3HT and [6,6]-Phenyl Cei butyric acid methyl ester blends."'^ In order to
incorporate rrP3HT into diblock copolymers, it is necessary to prepare /rP3HT with
narrow polydispersity and well-defined chain end functionality. This approach
enables conversion of rrP3HT into an initiator, for subsequent growth of an electron
acceptor block. The preparation of such materials is not trivial. However, recent
advances in rrP3HT synthesis, for example as described by McCullough and
coworkers, have enabled the preparation of narrow polydispersity /rP3HT with
well-defined chain ends.^"*" The low power conversion efficiency of the prior
donor-acceptor block copolymers is likely due, in part to their ill-defined
morphologies, as a consequence of the rigid rod chains inherent to the donor block
and the inappropriate volume fi-action of the donor block. Isolated donor/acceptor
domains limit the continuous transport of electrons and holes to their respective
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electrodes. In this chapter, a well-defined diblock copolymer is prepared, in which
the donor block is rrP3HT, and the acceptor block is an aerylate derivative
containing pendant perylenes, as shown in Scheme 4.1. Perylene bisdiimide has a
very high electron mobility due to the tendancy of perylene units to n-n stack. '^^
The volume fraction of rrP3HT can be varied to obtain diblock copolymers with
microstructures suitable for electron and hole transports, giving continuous
migration pathways to the electrodes.
Scheme 4.1
4.2 Monomer and block copolymer synthesis
The preparation of a low polydispersity /tP3HT macroinitiator for nitroxide
mediated polymerization is outlined in Scheme 4.2. First, polymerization of
2,5-dibromo-3-hexylthiophene by Grignard metathesis (GRIM) polymerization gave
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regioregular poly(3-hexylthiophene) 8 with a bromothiophene chain-end.
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2,5-Dibromo-3-hexylthiophene and ?er/-butylmagnesium chloride were refluxed in
THF to finish Grignard exchange reaction. Addition of nickel catalyst initiated the
polymerization process, which occurs by a Kumuda coupling. Following the
polymerization, the mixture was quenched by the addition of methanol. The addition
of methanol should be under inert atmosphere to avoid the self-coupling of
poly(3-hexylthiophene). The bromide-chain end of 8 was converted to the vinyl
group in 9 by a palladium catalyzed Stille coupling with tri-w-butylvinyltin. Heck
coupling of the vinyl-terminated poly(3-hexylthiophene) 9 with
phenylbromide-alkoxylamine 13'^^" '''' gave the target /rPSHT macroinitiator 14.
Macroinitiator 14 was used for controlled free radical polymerization of perylene
acrylate 25, as described later.
Scheme 4.2
Br
Phenylbromide-alkoxylamine 13 was prepared as shown in Scheme 4.3, using
the reported procedures of Hawker and coworker. Reductive condensation of
2-methyl-2-nitropropane 15 and isobutyraldehyde 16 gave the desired nitrone 17.
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Addition of phenylmagensium bromide to nitrone 17, was followed by copper(II)
catalyzed oxidation, under ambient atmosphere to give the desired nitroxide 18.'^^
The preparation of alkoxyamine initiator 13 was then accomplished by addition of
18 to 4-bromostyrene in the presence of Jacobsen's reagent
((R,R)-(-)-N,N'-bis(3,5-di-^butylsalicylidene)-l,2-cyclohexanediaminomanganese
(III) chloride). This general route to nitroxide initiators was described by Hawker
and coworkers. The alkoxyamine intiator 13 has been reported to give controlled
free radical polymerization of styrenic, acrylic, acrylamide, and acrylonitrile
monomers.'"^'
Scheme 4.3
Zn/NH4CI \—N+ (1) PhMgBr . 0-N
NO? + >—CHO I y2
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4- bromostyrene
NaBH4, toluene, ethanol
Jacobsen's catalyst
13
Br
The perylene-containing acrylate monomer used in the studies were prepared as
shown in scheme 4.4. Reaction of perylenetetracarboxylic dianhydride 19 with
1 0-nonadecylamine 28 gave perylene-4,5,9,10-bis(dicarboximide) 20 with
symmetric imidization. A branched amine (1 0-nonadecylamine) was used to enhance
the solubility of perylene derivatives. It should be noted that using the same reaction
to obtain perylene mono(dicarboximide) 21 is not practical due to the poor solubility
of perylenetetracarboxylic dianhydride. Once perylene mono(dicarboximide) 21 is
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formed during the reaction of 19 and 10-nonadecylamine, 21 will be quickly
converted to perylene diimde 20 in a rate much faster than forming 21 from 19.
Rather, perylene mono(dicarboximide) 21 was prepared through controlled
hydrolysis of symmetric perylene bis(dicarboximide) 20 using potassium hydroxide
in /-butyl alcohol at 80 °C.''^ Control of reaction time was found to be the key to
obtaining high yields of perylene mono(dicarboximide) 21, as longer reaction time
may hydrolyze both imide groups in 20. Reaction time of ~40 min was found to be
optimal, giving 80% yield of 21.
Scheme 4.4
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The reaction of perylene mono(dicarboximide) 21 with
6-amino-?-butyldimethylsilylhexan-l-ol 22 gave perylene bis(dicarboximide) 23
with asymmetric imidization. Hydroxyl group protection was necessary to prevent
its reaction with anhydride to form esters. The /-butyldimethylsilyl protecting group
was chosen for its stabiHty and relatively easy deprotection by hydrolysis with
hydrochloric acid in dioxane to give 24. Attempted deprotection with tetra-«-butyl
ammonium fluoride (TBAF) seemed to affect the aromatic perylene ring. The proton
NMR spectra of the deprotected product with TBAF showed a siginifcant shift of
protons associated with perylene ring and the product was difficult to precipitate
from methanol. Finally, reaction of 24 with acryloyl chloride in methylene chloride
gave the desired perylene diimide acrylate 25, the target monomer for preparation of
the polymer acceptor block. The reactions shown in Scheme 4.4 were monitored
conveniently by IR spectroscopy, using characteristic C=0 stretching frequencies of
the anhydride and imide. The C=0 streteching in anhydride 19 (the starting material)
appeared at 1755 cm"' and 1721 cm"' (Figure 4.2 a). Conversion of the anhydrides in
19 to the diimides in 20 resulted in shifts of the carbonyl signals to 1694 cm ' and
1648 cm"'. Selective hydrolysis of the diimide gave the monoanhydride and
monodiimide 21, which has the expected four C=0 stretching bands, characteristic
of both anhydrides and imides. Conversion of the anhydride group in 21 to the imide
in 24 left only two C=0 stretching bands characteristic of imides (Figure 4.2 b). A
broad signal at 3523 cm"' was observed for the hydroxyl group in 24; this
disappeared upon conversion to ester 25.
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Branched 10-nonadecylamine 28 was synthesized according to Scheme 4.5.
10-Nonadecaneone 26 was treated with hydroxylamine hydrochloride in the
presence of pyridine to give 1 0-nonadecanone oxime 27 in quantitative yield,26
which was reduced to lO-nonadecylamine 28 with lithium aluminum hydride (LAH)
in THF. Red-Al (Sodium bis(2-methoxyethoxy)aluminum dihydride) was used to
reduce the oxime to amine in the original procedure to prepare 28." However, in our
hands, Red-Al was very ineffective toward the reduction of oxime 27. Instead, LAH
was found to reduce oxime 27 smoothly togive amine 28.
Scheme 4.5
NH2OH
26
LAH
6-Amino-/-butyldimethylsilylhexan- 1 -ol 22 was prepared directly from
6-amino-l-hexanol 29 and /er^-butyldimethylsilyl chloride (TBDMS-Cl) in the
presence of pyridine as solvent according to Scheme 4.6 127
Scheme 4.6
TBDMS-CI
HoN' -> H2N
29
pyridine
The target rrP3HT-perylene diimide acrylate donor-acceptor diblock copolymer
12 was prepared by polymerizing monomer 25 from rrP3HT macroinitiator 16 and a
small amount of nitroxide 18, by nitroxide-mediated controlled free radical
polymerization as shown in Scheme 4.7.
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As a control experiment, nitroxide-mediated polymerization of perylene diimide
acylate 25 was performed with alkoxyamine initiator 13 in the presence of a small
amount of nitroxide 18 to give the desired homopolymer of poly(perylene diimide
acrylate) with a number-average molecular weight (Mn) of 8,500 g/mol (by GPC
relative to PS standards), and a polydispersity index of 1.4. Residue unreacted
macromonomer was removed easily by precipitation of the reaction mixture in
acetone. 'H NMR spectroscopy showed the aromatic protons of perylene at
8.50-7.00 ppm, shifted upfield from the monomer (at 8.7-8.3 ppm), and broaded.
The successful homopolymerization of 25 by the nitroxide mediated method was
encouraging for block copolymer preparation.
The synthesis of diblock copolymers from poly(3-hexylthiophene)
macroinitiator 14 (Mn 5,500, PDI 1.2) gave block copolymers 12 with Mn of
10,000-16,000 g/mol and PDI of -1.4. The molecular weight of the diblock
copolymer was controlled by the amount of perylene diimide acrylate monomer
relative the macroinitiator. The GPC trace of the homopolymer and block
copolymers is shown in Figure 4.3. NMR showed that there was a roughly 3:1-1:1
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momomer ratio of 3-hexylthiophene/perylene diimide aerylate in the block
copolymer.
P3HT-/>Poly(perylene diimide acrylate)
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Figure 4.3. GPC traces for poly(3-hexylthiophene) macroinitiator 14 and block
copolymer 12.
An initial rough evaluation of the photoluminescence property of the block
copolymer thin film by radiation with UV lamp showed that the photoluminescence
of the diblock copolymer was almost fully quenched while the thin film of
poly(perylene diimide acrylate) homopolymer was highly fluorescent (Figure 4.4).
Examination of the photoluminescence of the films using photoluminescence
spectroscopy also showed the nearly complete quenching of both poly(perylene
diimide arcylate) and poly(3-hexylthiophene) photoluminescence (Figure 4.5). The
photoluminescence quenching is expected to result fi^om charge transfer between the
semiconducting materials, and suggests that the block copolymers might be useful in
fabricating photovoltaic devices.
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Figure 4.4. Irradiated samples of poly(perylene diimide acrylate) homopolymer (left)
and poly(3-hexylthiophene)-6-poly(perylene diimide acrylate) block copolymer 12.
450 500 550 600 650 700 750 800
Wavelength (niti) biblock copolymer
Figure 4.5. Solid state photoluminescence of poly(perylene diimide acrylate)
homopolymer and poly(3-hexylthiophene)-/)-poly(perylene diimide acrylate) block
copolymer measured by fluorometer.
Tapping-mode scanning force microscopy (SFM) was used to investigate the
morphology of this films of diblock copolymer 12, cast from toluene solution.
Figure 4.6 shows a typical SFM image of this block copolymer thin film (thanks to
Dr. Ali Cirpan in Professor Russell's group). The phase image showed a fibrous
texture, with a fiber diameter around 20 nm. The height images were featureless due
to the smooth film surface. This fibrous structure is characteristic of
poly(3-hexylthiophene) due to the n-n stacking of the conjugated backbone. This
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morphology should be changed when different volumn fraction of poly(perylene
diimide aerylate) was incorporated into the diblock copolymers.
Figure 4.6. A typical SFM image of a thin film of
poly(3-hexylthiophene)-Z)-poly(perylene diimide acrylate) block copolymer. Left:
height image; Right: phase image.
4.3 Future directions
The important issue is the control over the morphology of the prepared diblock
copolymer film. Although a bicontinuous gyroid nanostructure may be preferred for
photovoltaic applications since it naturally provides a continous pathway to transport
both electrons and holes, it is not trivial to prepare a block copolymer with gyroid
morphology since the volume fraction window to obtain the gyroid structure is very
narrow compared to those of cylindrical and lamellar morphologies. For a block
copolymer with either cylinders or lamellae, the cylinders or lamellae tend to lie
parallel to a substrate in a thin film due to the different interaction between the two
blocks with the substrate. For the electrons/holes to be effectively transported to the
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electrodes, vertically aligned cylinders or lamellae are beneficial. One way to orient
the cylinders or lamellae from parallel to vertical alignment is to use an external
electric field. It has been well-established that electric fields can be used to align
block copolymer thin films as long as the dielectric constant difference between the
two blocks is sufficient, generating perpendicular cylinders or lamellae on the
substrate. Another way to orient the cylinders or lamellae perpendicular to a
substrate is to use solvent vapor annealing, which mediates the interaction of the two
blocks with the substrate and air surface. The solvent annealing method has been
86
elegantly demonstrated in polystyrene-6-poly(ethylene oxide) and other systems. '
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CHAPTER 5
EXPERIMENTAL SECTION
5.1 Chapter 2 experimental section
Preparation of DOPO-Br (3)
o
II
3
To a solution of di-«-octylphosphine oxide 1 (11.0 g, 40.0 mmol),
4-bromobenzyl chloride (9.25 g, 45.0 mmol), and tetra-«-butyl ammonium hydrogen
sulfate (TBAH) (1.45 g) in toluene (160 mL) was added 60 mL of 30 wt % aqueous
NaOH solution. The reaction was stirred overnight at 65 °C. The product was
extracted with dichloromethane (200 mL), and the organic portions were combined
and washed with water and brine, dried over MgS04, filtered, and concentrated to
give a viscous liquid. The residue was crystalHzed from hexane to yield 3 (12 g,
84% yield) as a white solid. Spectroscopic characterization was in accord with that
found in the literature.^' 'H NMR (CDCI3): 7.45 ppm (d, 2H), 7.12 ppm (d, 2H),
3.04 ppm (d, 2H), 1 .58 ppm (m, 4H), 1 .32 ppm (m, 24H), 0.88 ppm (t, 6H).
Preparation of DOPO-Br (3)-covered nanorods
CdSe nanorods (20 mg) were stirred in refluxing anhydrous pyridine (2 mL) for
24 hrs under nitrogen. Most of the pyridine was removed by vacuum, and the
pyridine-covered nanorods were precipitated in hexane. The pyridine-covered
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nanorods were washed twice with hexane to remove residual pyridine, then
transferred to a reaction tube. Anhydrous toluene (2 mL) and DOPO-Br (200 mg)
were introduced, and the mixture was refluxed under nitrogen for 12 hours. The
solution became homogenous during this period, indicating successful
fiinctionalization of the nanorods with DOPO-Br. The DOPO-Br covered nanorods
were purified by dissolution in chloroform and precipitation in methanol. 'H NMR:
7.39 (2H), 7.04 (2H), 3.00 (2H), 1.2-1.6 (28H), 0.8 (6H) ppm; ^'P NMR: 48.0 ppm.
Preparation of arylbromide thiol ligand (6)
0
r- u AIBN, thioacetic acid
CsHiz' y THF, 60°C CgHi^
Br Br
5 6
Preparation of thioester 5. 2,5-Di-n-octyl-4-bromostyrene 4'"" '^^ (1.00 g, 2.54
mmol), a,a'-azoisobutyronitrile (AIBN) (41.7 mg, 0.254 mmol), and thioacetic acid
(773 mg, 10.2 mmol) were dissolved in anhydrous THF (4 mL) in a reaction tube
equipped with a stir bar. The solution was subjected to three freeze-pump-thaw
cycles, then the tube was sealed and the solution stirred at 60 °C for 24 hrs. The
solvent was then evaporated, and the product dissolved in dichloromethane. The
dichloromethane solution was extracted twice with water. The organic layer was
dried over MgS04 and concentrated under vacuum to give a yellow liquid (1.10 g,
90% yield). 'H NMR (ppm) in CDCI3: 7.30 (s, IH), 7.00 (s, IH), 3.02 (t, 2H), 2.80
(t, 2H), 2.55 (m, 4H), 2.35 (s, 3H), 1.55 (m, 4H), 1.32 (m, 20H), 0.88 (t, 6H); '^C
NMR (ppm) in CDC13: 195.6, 140.4, 139.4, 136.9, 133.1, 131.2, 122.3, 35.7, 32.3,
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31.9, 31.9, 31.9, 31.2, 30.6, 30.1, 29.9, 29.6, 29.4, 29.4, 29.3, 29.2, 22.7, 14.1; FT-IR
(cm '): 2923, 2854, 1693, 1483, 1465, 1378, 1352, 1241, 1132, 947, 890, 722;
HRMS (ES^): Calcd. 484.220, found 484.218.
2-(4-Broino-2,5-dioctyI-phenyl)-ethanethiol 6. To a solution of compound 2
(1.00 g, 2.07 mmol) in anhydrous DMF (10 mL) was added hydrazine acetate (0.560
g, 6.21 mmol). The mixture was stirred overnight. Then, ether (100 mL) was
added, and the organic solution was extracted with water (3 x 20 mL). The organic
layer was dried over MgS04 and concentrated to give a colorless liquid (0.84 g, 92%
yield): 'H NMR (ppm) in CDCI3: 7.31 (s, IH), 6.98 (s, IH), 2.83 (t, 2H), 2.64 (m,
4H), 2.53 (t, 2H), 1.57 (m, 4H), 1.31 (m, 20H), 0.89 (t. 6H); '^C NMR (ppm) in
CDCI3: 140.3, 139.4, 136.7, 133.1, 131.2, 122.3, 36.7, 35.7, 32.0, 31.9, 30.1, 29.7,
29.5, 29.47, 29.45, 29.3, 29.2, 25.4, 22.7, 14.1; FT-IR(cm"'): 2922, 2853, 1483, 1465,
1378, 1122, 964, 889, 806, 721; HRMS(ES^): Calcd. 442.209, found 442.210.
Preparation of 6-functionalized CdSe nanorods
Alkane covered CdSe nanorods (20 mg) were stirred in refluxing anhydrous
pyridine (2 mL) for 24 hrs under nitrogen. Most of the pyridine was removed by
vacuum, and the pyridine-covered nanorods were precipitated in hexane. The
pyridine-covered nanorods were washed twice with hexane to remove residual
pyridine, then transferred to a reaction tube. Hexane (2 mL) and thiol
functionalized arylbromide ligand 6 (100 mg) were introduced, and the mixture was
heated at 60 °C under nitrogen for 24 hours. The solution was cloudy at the
beginning and became homogenous over time, indicating successful
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functionalization of the nanorods with 6. The nanorods were purified by twice
precipitation in anhydrous methanol and dissolution in chloroform. 'H NMR is
similar to that of 6 except the broadening of the peaks due to limited relaxation of
ligands bound to nanorod surfaces.
HexylMgBr
^
r—/ NBS
'/ \\
Ni(dppp)Cl2 THF S
3-Hexylthiophene. Magnesium (4.80 g, 0.20 mol) was stirred in anhydrous ether
(200 mL) in a 500 mL 3-necked round bottle flask equipped with a condenser and an
additional funnel under nitrogen atmosphere. 1 -Bromohexane (33.0 g, 0.20 mol) in
anhydrous ether (50 mL) was added to the flask dropwise through the additional
funnel to keep the reaction mixture refluxing gently. Following the addition of
bromohexane solution, the reaction mixture was refluxed overnight, at which point
almost all magnesium was consumed. Then, the mixture was cooled with an ice bath.
l,3-bis(diphenylphosphino) propane nickel(II) chloride (Ni(dppp)Cl2) (216 mg, 0.40
mmol) was added to the flask. 3-Bromothiophene (32.6 g, 0.20 mol) in 50 mL
anhydrous ether was introduced to the reaction mixture through additional funnel
dropwise. After the addition was complete, the mixture was refluxed for another 24
hrs before it was carefully quenched with water. The organic layer was separated,
washed with brine, and dried over magnesium sulfite. The solvent was removed
under vacuum. The desired product (24.5 g, 75% yield) was obtained by vacuum
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distillation to give a colorless liquid. Spectroscopic characterization was in accord
with that found in the literature. 'H NMR (CDCI3): 7.18 ppm (m, IH), 6.90 ppm
(m, 2H), 2.58 ppm (t, 2H), 1.58 ppm (m, 2H), 1.26 ppm (m, 6H), 0.87 ppm (t, 3H).
'^C NMR (CDCI3): 143.21 ppm, 126.24 ppm, 124.98 ppm, 119.72 ppm, 31.67 ppm,
30.53 ppm, 30.26 ppm, 29.02 ppm, 22.62 ppm, 14.09 ppm.
2,5-Dibromo-3-hexylthiophene 7. 3-Hexylthiophene (19.4 g, 77.1 mmol) was
dissolved in anhydrous THF (100 mL) in a roundbottom flask equipped with a
magnetic stir bar. N-Bromosuccinimide (27.4 g, 154 mmol) was added to the
solution over a 10 minute period. The solution was stirred at room temperature for
4 hours. Then, THF was removed under vacuum and hexane (300 mL) was added.
The mixture was filtered through a plug of silica, and hexane was removed under
vacuum. Purification by vacuum distillation gave a clear, colorless oil (21.4 g,
85% yield). Spectroscopic characterization was in accord with that found in the
literature." 'H NMR (CDCI3): 6.78 ppm (s, IH), 2.50 ppm (t, 2H), 1.54 ppm (m,
2H), 1.30 ppm (m, 6H), 0.90 ppm (t, 3H). '^C NMR (CDCI3): 142.95 ppm, 130.91
ppm, 110.27 ppm, 107.89 ppm, 31.56 ppm, 29.54 ppm, 29.46 ppm, 28.78 ppm,
22.57 ppm, 14.08 ppm.
C H ^6^13
p6Hl3
'
^ " (1) f-BuMgCI I—( Tributyl vinyltinjr\ " " > dr\ ' ' , ill \^
B^'^S^Br
(2) Ni(dppp)Cl2
^^S^B^ Pd2(dba)3, P(fBu)3 ^^^S^ 'n
8 9
P3HT 8'^: 2,5-Dibromo-3-hexylthiophene 7 (4.89 g, 15.0 mmol) were stirred under
nitrogen as a solution in anhydrous THF (150 mL). /er/-Butylmagnesium chloride
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in ethyl ether (7.5 mL, 15 mmol) was added by syringe, and the mixture was heated
to reflux for 2 hrs. The mixture was cooled to room temperature, and
l,3-bis(diphenylphosphino) propane nickel(II) chloride (Ni(dppp)Cl2) (135 mg,
0.250 mmol) was added. The mixture was stirred at room temperature for 12
minutes, then quenched by addition of methanol. The polymer was precipitated
into methanol, then filtered into an extraction thimble and purified by Soxhlet
extraction with methanol, hexanes, and chloroform, sequentially. The chloroform
fraction was collected and concentrated under vacuum to give the desired product 5
(1.3 g, 52% yield). MALDI-TOF: m/z (Mp): 3901.91 (calculated: 3905.33, DP=23,
H/Br chain ends). GPC: Mn=8,600, PDI=1.20, Mp=l 1,360.
P3HT 9. In a dry box, P3HT 8 (0.500 g, 0.150 mmol) was dissolved in anhydrous
THF (5 mL) in a tube equipped with a stir bar. Tris(dibenzylideneacetone)
dipalladium(O) (Pd2(dba)3) (20 mg, 0.023 mmol) and tri(/-butyl)phosphine (18 mg,
0.090 mmol) were introduced. Finally, tri-«-butylvinyl tin (0.475 g, 1.50 mmol)
was added, and the tube was sealed and removed from the dry box. The mixture
was stirred at 55 °C for 24 hrs, then transferred into a vial and centrifuged at 3000
rpm for 3 hrs to remove palladium black. The supernatant was decanted and
precipitated into methanol. The precipitated polymer was filtered and dried under
vacuum to give 0.470 g (95% yield) of desired product. GPC: Mn=8,650, PDI=1.21.
'H NMR (ppm) in CDC13: 6.98 (s, 20H), 6.90 (m, 2H), 5.50(d, IH), 5.14(d, IH),
2.80(t, 40H), 2.63(m, 4H), 1.69(t, 40H), 1.40(m, 120H), 0.9 l(t, 66H); '^C NMR
(ppm) in CDC13: 139.93, 133.74, 130.52, 128.63, 31.73, 30.54, 29.50, 29.29, 22.68,
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14.15; FT-IR (cm"'): 2954, 2922, 2853, 1562, 1509, 1453, 1376, 1260, 1205, 1018,
818, 724.
P3HT
General procedure for obtaining P3HT-covered CdSe nanorods. Inside the dry
box, DOPO-Br or 6-covered CdSe nanorods (-10 mg) and vinyl-terminated P3HT
(-30 mg) were combined in a glass reaction tube equipped with a stir bar. Added
to this were Pd2(dba)3 (~ 2 mg), tri(^butyl)phosphine (-1.4 mg), methyl
dicyclohexane amine (-120 mg), and anhydrous THF (-2 mL). The tube was
sealed and removed from the dry box. The mixture was stirred at 55 °C for 24 hrs.
Then, the reaction was cooled to room temperature and the solution was transferred
to a vial for centrifugation at 3000 rpm for 3 hour. The supernatant was decanted
and transferred to a PVDF dialysis bag (cut-off molecular weight 250,000,
Spectrum Laboratories, Inc.), and dialyzed in chloroform until the dialysis bath
solution appeared colorless. 'H NMR spectroscopy in CDCI3 showed characteristic
signals for P3HT (7.31 ppm, 6.98 ppm, 2.80 ppm, 1.69 ppm, 1.40 ppm, 0.91 ppm).
5.2 Chapter 4 experimental section
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N-^erf-butyl-a-isopropylnitrone (17): To a stirring solution of
2-methyl-2nitropropane 8 (38.44 g, 0.373 mol), isobutyraldehyde (26.87 g, 0.373
mol), ammonium chloride (21.94 g, 0.414 mol), 500 mL of water and 250 mL of
diethyl ether at 0 °C was added zinc powder (97 g, 1.50 mol) in small portions over
1 hr. Then, the temperature was allowed to warm up to room temperature and further
stirred for 8 hrs. The mixture was then filtered through a sintered glass filter and the
residue was washed with methanol (200 mL) three times. The product was extracted
4 times with dichromethane (300 mL). The organic layers were combined and
washed with brine (500 mL) and dried over magnesium sulfate. The solvent was
removed by rotary evaporation and the product was further dried under vacuum to
give a colorless liquid (44.7 g, 83% yield) as desired product. 'H NMR(CDCl3):
6.57 ppm(d, IH), 3.12 ppm (m, IH), 1.44 ppm (s, 9H), 1.06 ppm (d, 6H). '^C NMR
(CDCI3): 139.96 ppm, 68.77 ppm, 27.94 ppm, 25.93 ppm, 18.93 ppm.
2,2,5-trimethyl4-phenyl-3-azahexane-3-nitroxide (18): To a solution of
N-rer/-butyl-a-isopropylnitrone 10 (22 g. 0.157 mol) in 150 mL of THF at 0°C was
slowly added a 3.0 M solution of phenylmagnesium bromide (104 mL, 0.312 mol) in
diethyl ether through a syringe. The mixture was allowed to warm up to room
temperature and stirred for another 12 hrs. Then, the reaction was quenched by
slowly introducing 33 mL of 10% ammonium chloride solution, followed by 100
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mL of water so that all the solids in the flask were dissolved. The organic layer was
separated, and the aqueous layer was extrated with 300 mL of diethyl ether. The
organic layers were combined, dried over magnesium sulfate and filtered. The
solvent was removed under rotary evaporation. The residue was redissolved in 600
mL of methanol and 50 mL of concentrated ammonium hydroxide. Cu(0Ac)2 (1.5 g,
8.4 mmol) was introduced and a stream of air was bubbled through the yellow
solution until it became dark blue (~25 min). This dark blue solution was
concentrated and the residue was redissolved in 600 mL of chloroform, 160 mL of
concentrated NaHS04 and 600 mL of water. The organic layer was separated and
aqueous layer was further extracted with 200 mL of chloroform. The organic layers
were combined, washed with 200 mL of saturated sodium bicarbonate solution,
dried over magnesium sulfate, filtered and concentrated in vacuo to give the crude
product. The crude product was purified by flash column chromatography eluting
with 20: 1 hexane/ethyl acetate to give the desired pure product as an orange oil (20 g,
60% yield). IH NMR (CDCI3 in the presence of pentafluorophenyl hydrazine):
7.60-7.25 ppm (br, 5H), 3.41 ppm (d, IH), 2.37 ppm (m, IH), 1.44 ppm and 0.96
ppm (s, 9H), 1.20 ppm and 0.58 ppm (s, 6H). '^NMR (CDC13 in the presence of
pentafluorophenyl hydrazine): 154.26 ppm, 142.06 ppm, 141.20 ppm, 136.02 ppm,
129.50 ppm, 128.77 ppm, 128.43 ppm, 127.82 ppm, 127.25 ppm, 126.61 ppm, 73.37
ppm, 71.31 ppm, 63.30 ppm, 59.10 ppm, 31.51 ppm, 31.51 ppm, 31.23 ppm, 31.23
ppm, 26.85 ppm, 21.54 ppm, 20.55 ppm, 18.48 ppm.
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. 0-N,
Jacobsen's catalyst
NaBH4, toluene, ethanol
4-bromostyrene
13Br
2,2,5-triniethyl-3-[l-(4'-bromophenyl)ethoxy)]-4-phenyI-3-azahexane (13): To a
solution of 4-bromostyene (6.10 g, 40.0 mmol) and
2,2,5-trimethyl4-phenyl-3-azahexane-3-nitroxide 11 (4.40 g, 20.0 mmol) in 1:1
toluene/ethanol (150 mL) in a 1000 mL beaker, was added
((R,R)-(-)-N,N'-bis(3,5-di-/-butylsalicylidene)-l,2-cyclohexanediaminomanganese
(III) chloride) (2.80 g, 4.0 mmol), followed by sodium borohydride (2.28 g, 60.0
mmol). Air was bubbled for 12 hrs, additional sodium borohydride (1.14 g, 30.0
mmol) and 1:1 toluene/ethanol (75 mL) were added and the mixture was bubbled
with air for another 12 hrs. The residue was then partitioned between
dichloromethane (200 mL) and water (200 mL). The aqueous layer was twice
extracted with dichlromethane and the organic layers were combined, dried and
concentrated to give the crude product, which was further purified by flash column
chromatography eluting with hexane and dichloromethane mixture to give the
desired product as coloriess oil (4.2 g, 65% yield). 'H NMR (CDCI3): 7.5-7.1 ppm
(br, 9H), 4.90 ppm (q, IH), 3.46 ppm and 3.44 ppm (each d, IH), 2.38 ppm and 1.44
ppm (each m, IH), 1.65 ppm and 1.57 ppm (d, 3H), 1.48 (m, IH), 1.34 ppm (d, 4H),
1.07 ppm and 0.81 ppm (each s, 9H), 1.29 ppm, 0.96 ppm, 0.61 ppm and 0.30 ppm
(each d, 6H).
TBDMS-CI /
OH .0- Si
H2N H2N \
pyridine 22
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6-Amino-r-butyldimethyisilylhexan-l-oI (22): 6-amino-l-hexanol 29 was dried by
azeotropic distillation in toluene. Then, dried 6-amino-l-hexanol 29 (10.0 g, 85.3
mmol) was stirred in anhydrous pyridine (75 mL) with tert-butyldimethylsilyl
chloride (15.4 g, 102 mmol) at room temperature overnight. Pyridine was taken off
by rotary evaporation. The residue was redissolved in CHCI3 (200 mL) and washed
with 20% sodium hydroxide solution (50 mL). The organic layer was separated,
dried over magnesium sulfate, filtered and concentrated in vacuo to give the crude
product. The crude product was further purified by column chromatography eluting
first with 1% methanol in CHCI3 then with 5% methanol in CHCI3 to give the pure
desired product as a light yellow oil (13.8 g, 70% yield). 'H NMR (CDCI3): 3.59
ppm (t, 2H) 2.67 ppm (t, 2H), 1.55-1.34 (br, 8H), 0.88 ppm (s, 9H), 0.02 (s, 6H).
^^NMR (CDC13): 63.18 ppm, 42.14 ppm, 33.75 ppm, 32.83 ppm, 26. 69 ppm, 25.69
ppm, 25.68 ppm, 18.35 ppm, -5.28 ppm.
10-Nonadecanone oxime (27): A mixture of 10-nonadecanone 26 (10.0 g, 35.4
mmol), hydroxylamine hydrochloride (5.0 g, 72.0 mmol), pyridine (50 mL) and 95%
ethanol (100 mL) was refluxed at 100°C for 5 hrs. After it was cooled down to room
temperature, solvents were removed and the residue was partitioned between hexane
(300 mL) and 5% HCl (50 mL). The organic layer was separated, washed with brine,
and dried over magnesium sulfate. Hexane was taken off using rotary evaporation,
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and the product was further dried under vacuum to give a colorless oil (10.3 g, 99%
yield). 'H NMR(CDCl3) : 2.34 ppm (t, 2H), 2.18 ppm (t, 2H), 1.50 (br, 4H), 1.28 (br,
24H), 0.89 ppm (t, 6H). '^C NMR (CDCI3): 162.41 ppm, 34.09 ppm, 31.90 ppm,
29.92 ppm, 29.52 ppm, 29.41 ppm, 29.37 ppm, 27.46 ppm, 26.32 ppm, 25.70 ppm,
22.70 ppm, 14.14 ppm.
10-Nonadecylamine (28): In a two-necked 250 mL flask was charged anhydrous
THF (100 mL) and lithium aluminum hydride (2.67 g, 70.8 mmol). The reaction
mixture was cooled to 0 °C in an ice bath. 10-Nonadecanone oxime 27 (10.0 g, 35.0
mmol) in 50 mL THF was added dropwise through an addition funnel. After the
addition was complete, the reaction mixture was allowed to warm up to room
temperature and stirred for 24 hrs. Then, the reaction mixture was cooled in an ice
bath, a 1:1 mixture of methanol/acetone was added dropwise to quench unreacted
lithium aluminum hydride until no more bubble was observed. Then, 50 mL 20%
sodium hydroxide solution was added to make the solution highly basic. The
resulting cloudy suspension was filtered through a bed of celite and the celite cake
was thoroughly washed with diethyl ether. The filtrate was concentrated with rotary
evaporation to remove solvents. Then, ether (300 mL) was introduced to dissolve the
residue and the ether layer was extracted twice with NaHCOs, and once with brine.
The ether layer was dried over magnesium sulfate, and concentrated to give crude
product, which was further purified by column chromatography by eluting first with
chloroform, then with 3% methanol in chloroform to give a light yellow liquid (7.9 g,
81% yield). 'H NMR(CDC13): 2.66 ppm(br, IH), 1.50-1.27 ppm(br, 32H), 0.88 ppm
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(t, 6H). '^C NMR (CDCI3): 51.22 ppm, 38.15 ppm, 31.91 ppm, 29.84 ppm, 29.69
ppm, 29.62 ppm, 29.35 ppm, 26.20 ppm, 22.70 ppm, 14.13 ppm.
20 21
Perylene-3,4,9,10-tetracarboxylic di(10-nonyldecyl)imide (20):
perylene-3.4,9,10-tetracarboxylic dianhydride 19 (1.44 g, 3.7 mmol),
10-nonyldecy[amine 28 (2.67 g, 9.4 mmol) and imidazole (6.0 g) were heated under
argon at 120 °C for 3 hrs. Toluene (10 mL) was added before the reaction mixture
was cooled to room temperature. The product was precipitated in ethanol (100 mL).
And the precipitate was filtered, washed with methanol, and dried in vacuum oven
to give crude product, which was further purified by column chromatography using
chloroform as eluting solvent to give a red solid (3.0 g, 90% yield). 'H NMR
(CDCI3): 8.8-8.6 ppm (br, 8H), 5.2 (m, 2H), 2.28 ppm (m, 4H), 1.88 ppm (m, 4H),
1.4-1.2 ppm (br, 56H), 0.84 ppm (t, 12H). '^C NMR: 164.51 ppm, 163.46 ppm,
134.31 ppm, 131.75 ppm, 130.98 ppm, 129.48 ppm, 122.87 ppm, 54.76 ppm, 32.36
ppm, 31.86 ppm, 29.56 ppm, 29.28 ppm, 27.00 ppm, 22.65 ppm, 14.09 ppm.
Perylene-3,4,9,10-tetracarboxylic mon(10-nonyldecyl)imide monoanhydride
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(21): Perylene-3,4,9,10-tetracarboxylic di(10-nonyldecyl)imicle 20 (9.50 g, 10.3
mmol), potassium hydroxide pellet (85%) (1.43 g, 21.8 mmol) and /er?-butyl alcohol
(150 mL) was refluxed at 80 °C for 40 min. Then, it was precipitated in 300 mL
acetic acid and 100 mL concentrated HCl (37%). The precipitate was filtered, and
dreid in vacuum oven at 70 °C for 24 hrs. The crude product was purified by column
chromatography eluting first with methylene chloride, followed by chloroform to
give the desired product as a red solid (5.0 g, 80% yield). 'H NMR (CDCI3): 8.8-8.6
ppm (br, 8H), 5.2 (m, IH), 2.28 ppm (m, 2H), 1.88 ppm (m, 2H), 1.4-1.2 ppm (br,
28H), 0.84 ppm (t, 6H). '^C NMR (CDCI3): 164.36 ppm, 163.24 ppm, 159.87 ppm,
136.27 ppm, 133.47 ppm, 131.94 ppm, 131.18 ppm, 129.42 ppm, 126.64 ppm,
126.40 ppm, 124.70 ppm, 123.88 ppm, 123.07 ppm, 118.87 ppm, 54.94 ppm, 32.32
ppm, 21.86 ppm, 29.55 ppm, 29.28 ppm, 26.98 ppm, 22.66 ppm, 14.12 ppm.
HRMS(ES''): Calcd: 658.3454, found: 658.3531.
24 25
Perylene-3,4,9,10-tetracarboxylic mono(10-nonyldecyl)imide
mono(6-hydroxyl-hexyl)imide (24) : Perylene-3 ,4,9, 1 0-tetracarboxylic
mon( 1 0-nonyldecyl)imide monoanhydride 21 (5.10 g, 7.80 mmol),
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6-amino-/-butyldimethylsilylhexan-l-ol 22 (3.70 g, 16.0 mmol) and imidazole (15 g)
were heated under argon at 125 °C for 6 hrs. Toluene (10 mL) was introduced before
the reaction mixture was cooled between 100 °C, and it was precipitated in methanol
(300 mL). The precipitate was filtered and dried under vacuum. Then, the dark red
power was redissolved in 4M HCl in dioxane (50 mL) and stirred at 30 °C for 24 hrs.
The reaction mixture was precipitated in methanol (400 mL). The precipitate was
filtered and dried in vacuum oven to give the crude product, which was further
purified by column chromatography eluting with 1% methanol in chloroform,
followed by 3% methanol in chloroform to give pure product as a red powder (5.8 g,
83% yield). 'H NMR (CDCI3): 8.7-8.3 ppm (br, 8H), 5.20 (m, IH), 4.18 ppm (t, 2H),
3.70 (t, 2H), 2.30 (m, 2H), 1.94 (m, 2H), 1.87 ppm (m, 2H), 1.66 ppm (m, 2H), 1.50
ppm (m, 4H), 1.4-1.2 ppm (br, 28H), 0.84 ppm (t, 6H). '^C NMR (CDCI3): 163.12
ppm, 134.29 ppm, 133.95 ppm, 131.06 ppm, 129.36 ppm, 129.04 ppm, 126.05 ppm,
126.00 ppm, 122.93 ppm, 122.86 ppm, 122.75 ppm, 62.78 ppm, 54.87 ppm, 40.42
ppm, 32.60 ppm, 32.38 ppm, 31.88 ppm, 29.59 ppm, 29.30 ppm, 27.98 ppm, 27.04
ppm, 26.72 ppm, 25.30 ppm, 22.66 ppm, 14.11 ppm. HRMS(ES^): Calcd: 756.4502,
found: 756.4466.
Perylene-3,4,9, 1 0-tetracarboxylic mono(l 0-nonyIdecyl)imide inono(6-hexyl
aerylate) imide (25): Perylene-3,4,9,1 0-tetracarboxylic mono(10-nonyldecyl)imide
mono(6-hydroxyl-hexyI)imide 24 (7.50 g, 10.0 mmol) was dissolved in anhydrous
methylene chloride (100 mL). Acryloyl chloride (20 mL, 243 mmol) was added
dropwise to the reaction mixture and the reaction mixture was stirred for 24 hrs.
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Then, it was precipitated in methanol. The precipitate was filtered and dried under
vacuum. The crude product was purified by eluting 2% methanol in CHCI3 to give
the desired product as a red powder (7.0 g, 93% yield). 'H NMR (CDCI3): 8.7-8.4
ppm (br, 8H), 6.43 ppm (d, IH), 6.14 ppm (dd, IH), 5.22 ppm (m, IH), 4.20 ppm(m,
4H), 2.27 ppm (m, 2H), 1.92 (m, 2H), 1.75 (m, 4H), 1.52 ppm (br, 4H), 1.4-1.2 ppm
(br, 28H), 0.84 ppm (t, 6H). '^C NMR (CDCI3): 166.34 ppm, 163.23 ppm, 134.50
ppm, 134.14 ppm, 131.24 ppm, 130.52 ppm, 129.45 ppm, 129.21 ppm, 128.61 ppm,
126.17 ppm, 123.05 ppm, 122.99 ppm, 122.88 ppm, 64.58 ppm, 54.84 ppm, 40.47
ppm, 32.37 ppm, 31.88 ppm, 29.58 ppm, 27.98 ppm, 27.01 ppm, 26.78 ppm, 25.74
ppm, 22.67 ppm, 14.12 ppm. HRMS(ES ^): Calcd: 811.4608, found: 811.4631.
k
P3HT alkoxyamine macrominitator (14): In a dry box, vinyl-terminated P3HT 9
(1.0 g, 0.2 mmol) was dissolved in anhydrous THF (75 mL) in a Schlenk flask.
Added to this flask were Pd2(dba)3 (72 mg), tri(/-butyl)phosphine ( 60 mg), methyl
dicyclohexane amine (3.60 g). The reaction mixture was stirred at 55 °C for 24 hrs.
The polymer was twice precipitated in methanol and dried under vacuum to give the
desired P3HT macroinitator 14 (0.97 g, 96% yield). GPC: Mn=7,100, PDI=1.48. 'H
NMR (CDCI3): 7.6-7.4 ppm (br), 7.4-7.2 ppm (br), 6.98 ppm (s), 4.92 ppm (br), 3.48
ppm (d), 3.34 ppm (d), 2.80 ppm (t), 1.75-1.30 ppm (br), 1.06 ppm (s), 0.94 ppm (t),
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0.80 ppm (s), 0.60 ppm (d), 0.28 ppm (d).
CgHi9 CgH^g
PoIy(peryIene diimide acrylate) homopolymer: A mixture of
2,2,5-trimethyl-3-[l-(4'-bromophenyl)ethoxy)]-4-phenyl-3-azahexane 13 (7.48 mg,
0.02 mmol), perylene diimide acrylate monomer 25 (330 mg, 0.4 mmol), nitroxide
radical 18 (0.23 mg, 0.001 mmol) and 200 |il 1 ,2-dichlorobenzene were degassed by
three freeze-thaw cycles, sealed under vacuum, and heated at 125 °C for 24h. The
reaction mixture was cooled, dissolved in THF and precipitated (3 times) in acetone.
The red precipitate was filtered and dried to give the desired block copolymer 1 (200
mg). GPC: Mn=8,500, PDI=1.38. 'H NMR (CDCl3):8. 50-7.00 ppm (br, 8H), 4.99
(br, IH), 4.50 pm-3.70 ppm (br, 4H), 2.40-1.10 ppm (br, 40H), 0.84 (br, 6H).
C9H19 CgHig
PoIy(3-hexyithiophene)-A-poly(peryIene diimide acrylate) (12): A mixture of
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poly(3-hexylthiophene) macroinitiator 14 (100 mg, 0.02 mmol), perylene diimide
acrylate monomer 25 (330 mg, 0.4 mmol), nitroxide radical 18 (0.23 mg, 0.001
mmol) and 200 \i\ 1 ,2-dichlorobenzene were degassed by three freeze-thaw cycles,
sealed under vacuum, and heated at 125 °C for 24h. The reaction mixture was
cooled, dissolved in THF and precipitated (3 times) in acetone. The red precipitate
was fihered and dried to give the desired block copolymer 12 (180 mg). GPC: broad
peak, Mn=12,200, PDI=1.78. NMR (CDCI3): 8.50-7.00 ppm (br, 8H), 6.97 ppm
(s,1.68H), 4.99 (br, IH), 4.50 pm-3.70 ppm (br, 4H), 2.80 ppm (t, 3.56), 2.40-1.10
ppm (br, 54.2 H), 0.91 ppm (br, 4.5H), 0.84 (br, 6H).
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